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SALINE MINERALS OF THE GREEN RIVER FORMATION

By Joseru J. FanEy

ABSTRACT

A mineralogical study was made by the U.S. Geological Survey
of the drill core from the John Hay, Jr., well 1, in Sweetwater
County, Wyo., about 18 miles west of the City of Green River.
The well penetrated the Wilkins Peak member of the Green
River formation of early and middle Eocene age. This study,
begun in 1939, revealed a unique assemblage of carbonate min-
erals in a fine-graimed dolomitic marlstone that ranges in content
of organic.matter from about 1 to 30 percent. The investiga-
tion also established the presence of an economically important
bed of trona about 10 feet thick, and subsequent drilling showed
it extended over an area of at least 60 square miles. As a
result of this disclosure the Westvaco mine was opened in 1947;
by 1957 it was delivering about two-thirds of the natural soda
ash produced in the United States.

The distribution of the six saline minerals—shortite, trona,
northupite, pirssonite, gaylussite, and bradleyite—that are pres-
ent in large quantities in the Wyoming area of the Green River
formation, was first shown in the log of the drill core of the
John Hay, Jr., well 1. A seventh saline mineral, nahcolite, is
present in quantity in the Uinta Basin of Utah and the Piceance
Creek basin of Colorado.

Shortite (Na,C05-2CaC0;) was first found in the core of the
John Hay, Jr., well 1. It is present in this well between depths
1,251 feet and 1,806 feet 6 inches, a vertical distance of 555
feet 6 inches. Shortite marks the saline zone, within which,
and only within which, the other five saline minerals are found.
It constitutes a visually estimated 10 percent of this saline zone.

Trona (Na,CO; NaHCO;-2H,0), the next most abundant of
the saline minerals, was found between depths of 1,300 feet and
1,665 feet and makes up in volume about 9.7 percent of this
interval; which is equivalent to 6.4 percent of the saline zone.
The trona is concentrated chiefly in four strata, the approxi-
mately 10-foot main bed, the bottom of which is at a depth of
1,600 feet 4 inches, and constitutes the ore body of the West-
vaco mine; a 2-foot 3-inch bed at a depth of 1,619 feet 9 inches;
a 4-foot bed at 1,646 feet; and a 6-foot 1-inch bed, the bottom
of which is at a depth of 1,659 feet 3 inches.

The areal extent of the trona is estimated to be as much as
2,000 square miles. How much of this is suitable for economic
exploitation must remain unknown until many more test holes
have been put down. The known area of the trona bed that is
currently being mined at Westvaco is about 60 square miles,
from which can be produced more than 650 million tons of soda
ash.

Northupite (Na,CO3MgCO3NaCl) is the saline mineral that
is third in abundance in the Wilkins Peak member at the site of
the John Hay, Jr., well 1. It occurs between the depths 1,327 to
1,560 feet and occupies 5.2 percent of this interval, which is equiv-
alent to 2.2 percent of the saline zone that is marked by the
presence of shortite. Crystals of northupite are rarely found; it
usually occurs massive, filling cracks and vugs in the shale.

Nahcolite (NaHCOjy) is present in great quantities in the shales
of the Green River formation of Colorado and Utah, but it has
been found only once in the Wyoming area, and that was as tiny
crystals in a small crack in the shale. At Rifle, Colo., at the site
of the oil shale mine of the U.S. Bureau of Mines, it is found in
lenses, some of which are more than 10 feet across. In Utah,
nahcolite oceurs associated with shortite.

Bradleyite (NasPO,-MgCO;), like shortite, was first found in
the drill core of the John Hay, Jr., well 1. It occurred at a depth
of 1,342 feet 10 inches in intimate association with clay and
shortite. During the sinking of the No. 1 shaft of the Westvaco
mine, bradleyite was found in low-grade oil shale at a depth of
1,245 feet, and later tiny crystals were recovered from the residue
obtained when samples of trona from the main trona bed of the
Westvaco mine were leached.

Pirssonite (Na;CO;CaCO;-2H;0) is present between depths
of 1,310 and 1,391 feet in the drill core of the John Hay, Jr., well
1. It makes up about 10 percent of the interval between 1,310
and 1,320 feet and occurs massive in the shale.

Gaylussite (Na;COz CaCOjy 5H,0) oceurs in the drill core of
the John Hay, Jr., well 1, between depths of 1,261 and 1,350 feet.
It constitutes about 10 percent of the intervals 1,266 feet to 1,267
feet 6 inches and 1,268 feet to 1,270 feet. As with pirssonite, no
crystals of gaylussite have been found in the shale; only masses
filling cracks have been seen.

Tables of indexed X-ray powder data are given for the seven
saline minerals; these include the first published data for natural
nahcolite, northupite, and pirssonite.

Shortite, in all instances, is the primary mineral of the six
saline minerals present in the Wyoming area. It is seen in thin
sections being replaced by the other five saline minerals. North-
upite replaces not only shortite, but also trona, pirssonite, and
gaylussite. Trona, pirssonite, and gaylussite have not been
observed replacing one another.

Chemical and spectrographic analyses were made on 14 sam-
ples of measured sections from the drill core of the John Hay, Jr.,
well1. The color of each sample before grinding was matched
to plates in Robert Ridgeway’s “Color Standards and Nomen-
clature”. The size distribution was determined on each of the 14
samples, recording the clay (<2u), silt (2p to 644), and the sand
(>64p) fractions. A mineral analysis was made by means of
X-ray diffraction patterns, and each mineral present was reported
in parts in ten.

Organic matter was separated from a sample of very rich oil
shale from the drill core of the John Hay, Jr., well 1. The index
of refraction of the organic matter was found to be 1.58, the
specific gravity 1.01 at 4°C, and a Kjeldahl determination
showed that it contained 2.18 percent nitrogen.

Analyses were made of the trona bed at two localities about
half a mile apart. Each foot from the top to the bottom of the
bed at each location was sampled, and the trona determined by
leaching. The water-insoluble portion, composed chiefly of dolo-

1



2

SALINE MINERALS OF THE

mite and detrital material, was treated with hydrochloric acid,
and the detrital material weighed. Organic matter was deter-
mined on six 1-kg samples, from two other localities, and found
to range from 0.001 percent to 0.142 percent.

The length of time of deposition of the trona bed, determined
on samples from two locations about half a mile apart in the
Westvaco mine, was found to be 973 and 1,463 years, respectively.
This divergence is not an alarming one because of the errors in-
herent in the method used in which the quantity of the water-
insoluble material of a vertical column of the trona bed is com-
pared to a similar column of the sedimentary rock, estimated to
have required 3,000 years per vertical foot for deposition.

113° u2°

GREEN RIVER FORMATION

INTRODUCTION
LOCATION

The Green River formation is composed of lacustrine
sediments of early and middle Eocene age in the Bridger
and Washakie Basins north of the Uinta Mountains in
southwestern Wyoming, the Piceance Creek Basin in
northwestern Colorado, and the Uinta Basin in north-
eastern Utah (fig. 1). The fluviatile sediments of the
Wasatch formation underlie these deposits, and occupy
approximately the lower third of the Eocene epoch.
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FIGURE 1.—Index map showing location of the Green River formation (shaded areas) in Wyoming, Colorado, and Utah.

(From Bradley, 1931, p. 2.) Arrow indicates site

of the John Hay, Jr., well 1, Sweetwater County, Wyo.
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In the Wyoming area the Green River formation is
overlain by the Bridger formation which, like the
Wasatch, is of fluviatile origin. Bridger sediments also
overlie the Green River rocks in the Uinta Basin and
are, in turn, covered by the fluviatile sediments of the
Uinta formation. In the Piceance Creek basin in
Colorado the rocks of the Green River formation are
the youngest rocks exposed, except in an area where
they are overlain by 400 feet of sandy beds of fluviatile
origin that appear to be lithologically and stratigraphi-
cally equivalent to the basal beds of the Bridger forma-
tion of the Uinta Basin (Bradley, 1931, p. 19).

EXPLORATION

In 1938 the Mountain Fuel Supply Co., a subsidiary of
the Ohio Oil Co., drilled the John Hay, Jr., well 1. This
well—on government land in the SE1/4ANW1/4 sec. 2
(1,920 feet from the north line and 2,120 feet from the
west line), T. 18 N., R. 110 W., about 18 miles west of
the city of Green River, Sweetwater County, Wyo.—
was put down in the search for oil and gas in the Green
River formation. Neither oil nor gas was found, and
the drill core was stored in a shed behind the offices
of the Mountain Fuel Supply Co. in Rock Springs, Wyo.
One year later (in the spring of 1939) Howard I. Smith,
of the U.S. Geological Survey, suggested to Dr. William
T. Nightingale, chief geologist of the Mountain Fuel
Supply Co., that a mineralogical examination of por-
tions of the core would be of scientific interest. Dr.
Nightingale thought well of the suggestion, and 30 feet
of the core was selected and sent to Washington for
study.

In this 30 feet of core, trona and the rare mineral
northupite were identified. Also a new mineral, an
anhydrous carbonate of sodium and calcium, was found
and named shortite. (See p. 24.)

It was decided that this unique assemblage of saline
minerals warranted further investigation, so again the
Survey was favored by Dr. Nightingale, who, when told
that a study of the paragenesis of the saline minerals in
the oil shale would be desirable, released to the Survey
all the drill core that penetrated the Wilkins Peak mem-
ber of the Green River formation, which represented a
thickness of 627 feet.

In this core a stratum of trona 10 feet thick was found
at a depth of about 1,600 feet below the surface. A note
published in Science by Walter C. Mendenhall, then
director of the U.S. Geological Survey, announced the
finding of this trona bed (Mendenhall, 1940).

As a result of this report the Union Pacific Railroad
drilled four wells, spaced several miles apart. The core
from each of these wells showed the 10-foot thick trona
bed at the depth reported by the Survey. 'This strongly

indicated that a potentially economic bed of trona ex-
tended over an area of many square miles.

Several years later three wells were drilled and cored
by the Westvaco Co.; the Westvaco No. 1 was about
2 miles north of the John Hay, Jr., well 1, and Westvaco
wells 2 and 3 were about 2 miles north-northwest of
Westvaco well 1. By means of these test holes the
depth and thickness of the trona bed was again con-
firmed and its areal extent further established.

The Westvaco Co. in 1947 sank a shaft in close prox-
imity to their No. 2 and No. 3 test holes. The locations
of the 20 wells drilled up to and including the year 1956,
and the location of the Westvaco mine, are shown in
figure 2. The shaft of the mine, having a diameter of
12 feet and lined with concrete, penetrated down
through the trona bed. Room and pillar mining was
started and the trona brought to the surface was ground
and converted by calcination to sodium carbonate, the
soda ash of commerce, in a pilot plant that had a
capacity of 200 tons per day.

The soda ash produced was not pure sodium carbon-
ate, but contained as much as 10 percent of water-
insoluble material, chiefly clay with some calcium and
magnesium carbonates. These impurities rendered the
soda ash unsuitable for some of the many uses of this
very important heavy chemical that is second only to
sulfuric acid in tonnage used by industry in the United
States. This condition was overcome in 1954 by the
installation of a solution plant wherein the trona was
dissolved in hot water, the insoluble material filtered
off, and pure sodium carbonate produced by precipita-
tion, filtration, and calcination. Thus a new industry,
born of a mineralogical and geochemical investigation,
was established in southwestern Wyoming.
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| Westvaco Well 4 (1948)
J Westvaco Well 5 (1954)
K Westvaco Well 6 (1954)

A John Hay Jr., Well 1 (1938)
B Union Pacific Well 1 (1940)
C Union Pacific Well 2 (1940)

Q Westvaco Well 12 (1956)
R Westvaco Well 13 (1956)
S Potash Company of America ‘

D Union Pacific Well 3 (1942) L Westvaco Well 7 (1954) Well 1 (1949) |
E Union Pacific Well 4 (1942) M Westvaco Well 8 (1954) T Potash Company of America !
F Westvaco Well 1 (1944) N Westvaco Well 9 (1954) Well 2 (1950)

O Westvaco Well 10 (1955)

G Westvaco Well 2 (1945)
P Westvaco Well 11 (1955)

H Westvaco Well 3 (1946)

U Westvaco Mine (1947)

F1GURE 2.—Locations of exploratory wells and the Westvaco mine in Sweetwater County, Wyo.
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pertaining to problems of mutual interest. Among
these were Dr. Max. Y. Seaton, Guilford Gaylord, J.
Ward Downey, and John Jacobucci, who were on the
staff at the time the mine was started; also later C. A.
Romano, N. E. McDougal, Lewis Smith, Dr. William
Bauer, Robert Love, I.. K. Marshall, Keith Norseth,
and John A. Anderson. Time and space do not permit
a detailed outline of the great help so willingly given by
these pioneers in trona mining. Without this help
much of the information contained in this paper could
not have been presented.

DRILL CORE OF THE JOHN HAY, JR., WELL 1
DESCRIPTION

The core of the John Hay, Jr., well 1 was obtained by
drilling in a brine saturated with sodium carbonate, and
marking the depths as each 10-foot section of the 2-inch
diameter core was brought to the surface. The core
was then placed longitudinally in shallow trays and
stored in a shed in the yard of the Mountain Fuel Sup-
ply Co. at Rock Springs, Wyo. In the summer of 1939
that part of the core that penetrated the Wilkins Peak
member of the Green River formation was transferred
to 4 boxes—each containing 6 trays, the total weight
being 1,600 pounds—and sent to the Geological Survey
in Washington, D.C., for detailed examination.

To obtain a fresh uncontaminated surface for mineral
examination the core was split longitudinally, using a
core splitter that would open sections as much as 5
inches long. Identification of the saline species usually
required no more than the use of a hand lens. Exami-
nation of an oil-immersion mount was made with the
petrographic microscope when the identification of a
mineral was in doubt. Thin sections and polished sec-
tions were used to determine genetic and paragenetic
relations.

In this report the term “lean’ will be used to mean
oil shale that, upon distillation, yields up to 5 gallons of
distillate per ton, “medium grade’” between 5 and 15
gallons per ton, “rich’” between 15 and 30 gallons per
ton, and the term “very rich’” will be applied to shale
that would yield more than 30 gallons of distillate per
ton. A sample was designated as to grade by visual
examination and estimation of density. This was
based on the distillation of many samples of each cate-

gory (lean, medium grade, rich and very rich) in order
to recognize these differences in organic content.

The terms ‘““shale” and “oil shale,” as applied to the
Green River formation are erroneously used, as will be
discussed later in this report. Fissility, that property
which characterizes a shale, 1s lacking in all but a small
percentage of these sediments.

The shale of this drill core is a compact bedded rock,
containing varying amounts of organic matter, in which
the saline minerals and pyrite, loughlinite, and searle-
site have precipitated. The composition of the shale
varies from predominantly argillaceous material to
microcrystalline dolomite with detrital quartz and feld-
spar. A thin section or semiquantitative chemical
analysis is usually required to distinguish between the
argillaceous shale and that composed chiefly of
dolomite.

CONTINUITY

The log of the drill core of the John Hay, Jr., well
1 shows that shortite is present continuously between
1,251 feet and 1,806 feet 6 inches, a vertical distance
of 555 feet 6 inches. The other saline minerals re-
ported in the log are also found only between these
depths. In the vertical distances of 555 feet 6 inches
there was obtained 489 feet 8 inches of core. The
65 feet 10 inches of missing core is indicated in the log
by 23 breaks ranging in length from 6 inches to 16
feet. The longest unbroken section is between 1,592
feet 6 inches and 1,810 feet, a length of core of 217
feet 6 inches. Another long unbroken section is
between 1,375 feet and 1,510 feet, a length of 135 feet,
and another between 1,526 feet and 1,587 feet 9 inches,
a length of 61 feet 9 inches.

In the section of the core between 1,587 feet 9 inches
and 1,600 feet 4 inches, a vertical distance of 12 feet
7 inches, massive trona is found in beds of 1 foot 3
inches and 7 feet 10 inches with a 1-foot break be-
tween the beds and a 2-foot-6-inch break immediately
above the smaller bed. Because of the solubility of
the trona, it well may be that it occupied the positions
where the breaks of 1 foot and 2 feet 6 inches are re-
corded in the log and was lost. If such is the case,
the trona bed at this horizon is 12 feet 7 inches thick,
approximately 2 feet thicker than it is found to be in
the Westvaco mine about 4 miles to the north.



6 SALINE MINERALS OF THE GREEN RIVER FORMATION

Log of John Hay, Jr., well 1
Depth interval Thickness
i A )

in Ft in Remarks
1,183 0 0 1 Sandstone with a minor quantity of dolomite.
1, 183 1
Break, 10 ft 11 in
1,194 0 6 0 Dense dark-gray shale containing caleite crystals as much as 4 mm thick. The first 3 ft of the
1, 200 0 shale is lean, the next foot is medium grade and the lower 2 ft lean.
Break, 8 in
1, 200 8 9 Dark dense medium-grade shale having many small erystals of calcite.
1, 201 5
Break, 3 ft 4 in
1, 204 9 5 3 Same as 1,200 ft 8 in to 1,201 ft 5 in
1,210 0
Break, 2 ft 0 in
1, 212 0 3 0 Same as 1,204 ft 9 in to 1,210 ft 0 in
1, 215 0
Break, 2 ft 0 in
1, 217 0 5 About 50 percent lean shale and 50 percent calcite.
1,217 5
Break, 7 in
1,218 0 1 Calcite with minor quantity of lean shale.
1,218 1
Break, 3 ft 11 in
1, 222 0 1 6 Lean shale containing erystals of calcite.
1,233 6
Break, 6 in
1,224 0 3 0 Lean oil shale with small crystals of calcite. A few small lenses (1 em diameter) of pyrite are
1, 227 0 present.
Break, 13 ft 0 in
1, 240 0 1 7 Crystals of calcite and pyrite in lean shale.
1,241 7
Break, 1 ft 5 in
1, 243 0 1 0 Same as 1,240 ft 0 in to 1,241 ft 7 in
1,244 0
Break, 4 ft 0 in
1, 248 0 5 Same as 1,243 ft 0 in to 1,244 ft 0 in
1,248 5
Break, 2 ft 4 in
1, 250 9 1 7 Medium-grade oil shale containing crystals of calcite. Shortite is found at 1,251 ft 0 in and
1, 252 4 continues to the end, constituting about 2 percent of this section.
Break, 7 in
1, 252 11 2 Small crystals of shortite (about 2 percent) in medium-grade shale. No calcite present.
1, 253 1
Break, 1 ft 8 in
1, 254 9 1 3 Rich brown oil shale containing crystals of shortite (about 15 percent).
1,256 0
Break, 5 ft 0 in
1, 261 0 1 0 Lean light-green shale with shortite (about 5 percent) and gaylussite (about 5 percent). Good
1, 262 0 contacts show gaylussite replacing shortite. Tiny erystals of pyrite are present throughout
the section.
Break, 2 ft 0 in
1, 264 0 1 0 Same as 1,261 ft 0 in to 1,262 ft 0 in.
1, 265 0
Break, 1 ft 0 in
1, 266 6 1 6 Lean light-green shale containing shortite (about 5 percent) and gaylussite (about 10 percent).
1, 267 0 The sequence shortite to gaylussite is present. Also gaylussite is found in thin veins not in
contact with shortite. Pyrite is sparingly present.
Break, 6 in
1, 268 0 2 0 Lean light-green shale with shortite (about 5 percent) and gaylussite (about 10 percent).

1,270 0



Depth interval Thickness
't in Ft in
1,271 0 6
1,271 6
1,274 0 2 0
1,276 0
1, 278 0 3
1, 278 3
1,279 Q 6
1, 279 6
1, 283 2
1,283 2
1, 284 6 3 0
1, 287 6
1, 290 0 5 0
1, 295 0
1, 296 0 2 6
1, 298 6
1, 300 0 5 0
1, 305 0
1, 305 0 4 0
1, 309 0
1, 310 0 10 0
1, 320 0
1, 320 0 10 0
1, 330 0
1, 335 0 3 0
1,338 0
1, 338 6 1 6
1, 340 0
1, 340 0 10 0
1, 350 0

596568 0—62——2
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Remarks
Break, 1 ft 0 in
Lean light green shale containing blebs of shortite (about 15 percent). Gaylussite (5 percent) is
found in veins filling cracks in the shale.
Break, 2 ft 6 in
Lean light-green shale with shortite (about 20 percent) and gaylussite (5 percent). At 1,275 ft
8 in to 1,275 ft 10 in a 2-inch stratum of massive shortite is found. A small quantity of the
rare mineral bromlite is found at 1,276 ft 0 in. Thin sections show the sequence shortite to
gaylussite to bromlite and dolomite.
Break, 2 ft 0 in
Massive trona.

Break, 9 in
Colorless trona (about 70 percent) cut by 1-inch stratum of very rich black shale at 1,279 ft 4
in. Rich brown shale containing shortite (about 5 percent) is found at the bottom of the
section. Pyrite is present.
Break, 3 ft 6 in

Lean greenish shale containing small crystals of shortite (about 25 percent).

Break, 1 ft 4 in

Medium-grade greenish-yellow shale that grades into very rich dark-brown shale. Shortite
(about 10 percent) is present. In the last foot the crystals of shortite are oil soaked apparently
with oil derived from the very rich oil shale.

Break, 2 ft 6 in
Lean shale containing small erystals of shortite (about 10 percent).

Break, 1 ft 0 in

Lean shale containing small crystals of shortite (about 15 percent), some of which fill cracks in
the shale that cut the bedding.
Break, 1 ft 6 in

Lean shale varying from light green through tan to brown in color. Shortite (about 10 percent)
oceurs as small erystals throughout the section. A few thin seams of trona (about 1 percent)
are found between 1,301 ft 4 in and 1,302 ft 6 in. Very small crystals of dolomite are present
at 1,302 ft 0 in where shortite is being replaced by trona and dolomite, as shown in thin sec-
tion. A few tiny crystals having a high birefringence and high index of refraction with a
small optic angle (2V) are seen in this thin section. The mineral may be bromlite or aragonite.

No break
Lean shale containing small crystals of shortite (about 15 percent). Pyrite is abundant.

Break, 1 ft 0 in

Greenish lean shale containing shortite (about 10 percent) and pirssonite (about 10 percent).
Magnesite and pyrite are present. The transition shortite to pirssonite plus magnesite is
seen throughout the section.

No break

Greenish lean shale containing shortite (about 10 percent), pirssonite (about 5 percent), trona
(about 10 percent), and northupite (less than 1 percent). A 1-foot stratum of white massive
trona occurs at 1,324 ft 10 in to 1,325 ft 10 in. The northupite is found between 1,327 ft 0 in
and 1,328 ft 0 in.

Break, 5 ft 0 in

Lean shale containing shortite (about 50 percent) and northupite (about 5 percent). Between

1,336 ft 0 in and 1,337 ft 0 in, well-formed octahedra of northupite are found.
Break, 6 in

Lean shale containing erystals up to 3 mm across of shortite (about 30 percent) and fine-grained

northupite (about 35 percent) containing residual erystals of shortite.
No break

Lean light-brown shale containing shortite (about 20 percent), northupite (about 15 percent),
pirssonite (about 1 percent), gaylussite (about 0.5 percent), and trona (about 0.5 percent).
Nodules of northupite, some of which contain residual fragments of shortite, have flow lines
in the shale around them. The sequence shortite to northupite and dolomite is found at
1,340 ft 8 in and also shortite to pirssonite to northupite and dolomite. At 1,342 ft 10 in a
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Depth i

Igtz)t mte%al
1, 350 0
1, 352 0
1, 360 0
1,370 0
1, 375 0
1, 380 0
1, 380 0
1, 390 0
1, 390 0
1, 395 0
1, 392 0
1, 409 0
1, 409 0
1,419 0
1,419 0
1,424 0
1, 424 0
1, 430 0
1, 430 0
1,436 0
1, 436 0
1, 442 0
1, 442 0
1, 449 0

SALINE MINERALS OF THE GREEN RIVER FORMATION

Thickness
Ft in Remarks
l-inch stratum is composed approximately of 55 percent bradleyite, 30 percent shortite, and
15 percent clay. Bradleyite is found in a 1X4-inch stratum at 1,343 ft 7 in with shortite and
clay. Pyrite is sparsely present throughout the 10-foot section.
No break
2 0 Lean shale containing crystals of shortite (about 10 percent) and trona (about 1 percent).

Break, 8 ft 0 in
10 0 Lean shale containing shortite (about 10 percent), trona (about 7 percent), and northupite
(about 2 percent). From 1,364 ft 6 in to 1,366 ft @ in very small crystals of shortite fill
cracks in the shale that are normal to the bedding. A 6-inch stratum of pure white trona is
present at 1,367 ft and is oriented in such a way that the cleavage is normal to the bedding. A
2-inch stratum of massive trona occurs at 1,369 ft 10 in.
Break, 5 ft 0 in

5 0 Lean shale containing shortite (about 30 percent) and northupite (about 7 percent). At 1,379
ft 6 in the sequency shortite to northupite is observed.
No break
10 0 Lean shale containing shortite (about 35 percent) and northupite (about 25 percent) with tiny

crystals of pyrite throughout. Thin sections cut at 1,380 ft 4 in and 1,382 ft show shortite
being replaced by northupite.
No break

5 0 Greenish lean shale containing shortite (about 15 percent), trona (about 2.5 percent), northupite
(about 1 percent), and pirssonite (about 0.5 percent). The sequence shortite to pirssonite is
found at 1,390 ft 2 in. At 1,390 ft 8 in, three small grains of tychite were found. A 1l4-inch
stratum of trona is present at 1,392 ft 6 in. A minute quantity of an unidentified mineral
was found at 1,392 ft 3 in. It is insoluble in H,0, soluble in HCI, has parallel extinction and
negative elongation with indices w=1.554 and e=1.497.

No break
17 0 Light-green lean shale containing shortite (about 20 percent) and northupite (about 5 percent).
The sequence shortite to northupite is found in thin sections cut at 1,401 ft 6 in and 1,407 ft 1 in,

No break
10 0 Rich brown oil shale containing shortite (about 35 percent) and northupite (about 15 percent).

In the first 2 feet milky northupite constitutes about 60 percent of the core. The northupite
oceurs as round nodules that grew in the soft mud, producing flow lines. A thin section at
1,411 ft 2 in shows northupite replacing shortite and shale.

No break
5 0 Lean brown shale containing shortite (about 10 percent) and northupite (about 10 percent).
No break
6 0 Lean greenish shale containing shortite (about 7 percent) and northupite (about 1 percent)-
In the first 4 feet euhedral crystals of northupite are present.
No break
6 0 Lean greenish shale broken by a stratum 1-foot thick of rich brown shale at 1,431 ft to 1,432 ft.

Shortite (about 10 percent) and northupite (about 10 percent) are found throughout. At
1,431 ft 8 in, a ¥4-inch stratum ot rich brown oil shale contains oolitelike inclusions of northupite.
The round blebs of northupite have in cross section, concentric rings made up of microscopie
liquid inclusions that give the appearance of oolitic structure. At 1,431 ft 8 in, a small amount
of authigenic chert with index of refraction of 1.550 was found.
No break
6 0 The section contains shortite (about 15 percent), trona (about 5 percent), and northupite (about
2 percent). The first 2 feet are composed of light-green lean shale that grades to rich brown
shale 1 foot thick. Lean green shale makes up the remaining 3 feet of the section. At 1,439
ft 4 in, a crack about I mm thick is filled with tiny authigenic crystals of quartz. At 1,441
ft 9 in, a very small amount of the mineral thermonatrite (Na;CO;-H,0) was identified.
No break
7 0 The first 2 feet is composed of rich dark-brown oil shale, and the remaining 5 feet of the section
is lean light green shale. Northupite (15 percent) and shortite (5 percent) are found through-
out. Thip sections at 1,442 ft 6 in and 1,442 ft 8 in show northupite replacing shortite and

shale.
No break



Depth ingerval
Ft in

1, 449 0
1, 450 0
1, 450 0
1, 460 0
1, 460 0
1, 470 0
1, 470 0
1, 475 0
1,475 0
1, 480 0
1, 480 0
1, 490 0
1, 490 0
1, 500 0
1, 500 0
1,510 0
1, 526 0
1, 530 0
1, 530 0
1, 540 0
1, 540 0
1, 550 0
1, 550 0
1, 560 0

Thickness

in

1

10

10

10

10

10

10

10

10

0
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Remarks

Greenish shale containing shortite (about 15 percent).

No break

Lean greenish shale contains shortite (about 10 percent), trona (about 6 percent), and northupite
(about 3 percent). A thin section at 1,454 ft shows northupite replacing shale. Trona is con-
centrated between 1,454 ft 4 in to 1,455 ft 8 in.

No break

The lean greenish shale is cut by a 6-inch stratum of dense black rich oil shale at 1,462 ft 6 in.
Shortite (about 10 percent), northupite (about 6 percent), and trona (about 4 percent) are
present. At 1,462 ft 6 in is found a 2-inch stratum of massive white trona. From 1,466 ft 6
in to 1,466 ft 8 in, the greenish shale contains large plates of searlesite. Trona, northupite,
and pyrite are also present. Tiny plates of biotite are found for 3 inches at 1,468 ft 5in. Mas-
sive trona occurs in a 4-inch stratum beginning at 1,468 ft 8 in.

No break

Greenish lean shale contains crystals of shortite (about 10 percent), northupite (about 1 percent),
and trona (about 1 percent). A thin stratum of searlesite is found at 1,473 ft 0 in. Thin sec-
tions cut at 1,470 ft 1 in and 1,470 ft 3 in, show northupite replacing trona.

No break

Medium-grade shale contains shortite (about 25 percent), northupite (about 15 percent), and
trona (about 3 percent). The northupite occurs as glassy nodules up to 5 mm in diameter.
At 1,475 ft 3 in a thin section shows northupite replacing shortite and shale, leaving at the
contact with the shale, long strings of low birefringent material that is insoluble in cold (1+1)
HCI, has positive elongation and parallel extinction. A 2-inch stratum of nearly pure trona
occurs at 1,479 ft 0 in,

No break

Medium-grade tan-colored oil shale is found in first 5 feet. The remainder of the section is lean
greenish shale. Shortite (about 25 percent), northupite (about 15 percent), and trona (about
3 percent) are present. A }4-inch stratum of searlesite occurs at 1,480 ft 0 in and another at
1,485 ft 0 in. At 1,481 ft 0 in a thin stratum contains plagioclase, feldspar, biotite, and vol-
canic ash. Five inches of white massive trona begins at 1,481 ft 8 in. Northupite replaces
shortite and trona between 1,482 ft 7 in and 1,485 ft O in.

No break

Lean shale contains shortite (about 13 percent) and trona (less than !4 percent). At 1,491 ft 3
in a small vug contains many very small crystals of nahcolite. A thin section at 1,491 ft 10
in shows trona replacing shortite. Thin sections show that two ¥4-inch strata between 1,494
ft 3 in and 1,494 ft 5 in are probably altered ash. volcanic From 1,494 ft 4 in to 1,498 ft 1
in well-formed crystals of shortite up to 1 em across are present.

No break

Lean gray shale containing shortite (about 5 percent). Cracks in the shale normal to the bedding
and as much as 2 feet long, are filled by tiny crystals of shortite. These may have been mud
cracks.

Break, 16 ft 0 in
Medium-grade oil shale containing crystals of shortite (about 15 percent).
No break

Medium-grade oil shale containing crystals of shortite (about 15 percent). A polished section
normal to the bedding at 1,535 ft 0 in showed sharp folding. A thin section cut at the same
place showed shortite being replaced by an unidentified mineral of high birefringence and upper
index about 1.55. The fragments of this mineral were very small. No cleavage was evident.

No break

Lean greenish shale containing crystals of shortite (about 15 percent) and massive trona (about
2 percent). A few crystals of northupite are present at 1,544 ft 0 in. A 2¢-inch stratum of
pure trona is found at 1,548 ft 0 in.

No break

Greenish lean shale containing shortite (about 20 percent) both massive and as crystals, trona
(about 15 percent), and northupite (about 1 percent). Trona is present scantily at the top
of the section and increases with depth to a 13-inch stratum beginning at 1,557 ft 9 in of dark
brown trona, the color due to organic matter. A thin section at 1,559 ft 9 in shows shortite
and trona being replaced by northupite.

No break
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Depth interval
Ft in

1, 560
1, 561

1, 561
1, 570

1, 570
1, 580

1, 580
1, 587

1, 590
1, 591

1, 592
1, 600

1, 600
1, 612
1,612
1,616
1, 616

1,620

1, 620
1, 630

1, 630
1, 640

1, 640
1, 641

1, 641
1, 650

1, 650
1, 660

1, 660
1, 670
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Thickness
in Remarks

1 6 Lean shale containing trona (about 50 percent), shortite (about 5 percent), and northupite (about
1 percent). A 9-inch stratum of yellow-colored trona is found at the top of this 1%4-foot section.
At 1,560 ft 2 in, a lens of brownish northupite is in the trona where a thin section shows northu-
pite replacing trona. Ghost crystals of trona are present in the northupite.
No break
8 6 Medium-grade light-brown oil shale containing crystals of shortite (about 10 percent).
No break
10 0 Lean greenish shale cut by an 8-inch stratum of very rich oil shale beginning at 1,576 ft contains
crystals of shortite (about 5 percent).
No break
7 9 Lean shale containing shortite (about 5 percent) and massive trona (about 5 percent). The
trona is present in two strata, one 2 inches thick, and the other 3 inches thick from 1,587 ft
6 in to 1,587 ft 9 in.
Break, 2 ft 6 in
1 3 Massive trona.

Break, 1 ft 0in
7 10 Massive trona.

No break
11 8 Medium grade and rich oil shale containing shortite (about 10 percent) and trona (about 10
percent). A small amount of searlesite is present, the plates of which are separated by thin
veins of loughlinite.
No break
4 0 Lean greenish oil shale containing a 1-foot thick stratum of brown rich oil shale. Crystals of
shortite (about 10 percent) are present throughout.
No break
4 0 Medium-grade oil shale containing shortite (about 10 percent) and trona (about 55 percent).
A stratum of massive trona 2 ft 3 in thick is present from 1,617 ft 6 in to 1,619 ft 9 in. At
1,619 ft a tiny bleb of aragonite was identified.
No break
10 0 Lean greenish oil shale with about 2 ft of medium-grade shale. Shortite (about 5 percent) is
present throughout the section. A small amount of loughlinite is present at 1,620 ft 6 in and
searlesite at 1,621 ft 3in.
No break
10 0 The section is composed of 5 ft of lean greenish shale and 5 ft of brown medium-grade oil shale.
Shortite (about 5 percent) and trona (about 2 percent) are present. Loughlinite is sparingly
present between 1,633 ft 0 in and at 1,639 ft 0 in. A 2-inch stratum of trona is found at 1,635
ft. Pyrite is found to as much as about 5 percent in the medium-grade brown shale between
1,635 ft 2 in and 1,638 ft 6 in.
No break

1 0 Lean greenish shale containing crystals of shortite (about 5 percent).

No break

9 0 The section contains lean greenish shale, rich dark-brown shale, shortite (about 5 percent) and
trona (about 45 percent). Between 1,642 ft 0 in to 1,646 ft 0 in is a 4-ft bed of massive trona.
No break
10 0 The section is composed of trona (about 65 percent), shortite (about 3 percent), and both lean
and rich oil shale. The first 3 ft is lean shale. From 1,653 ft 2 in to 1,659 ft 3 in is found a
6 ft 1 in bed of massive trona followed by 5 in of dark brown rich-oil shale containing
crystals of shortite. A 4-in bed of reddish brown massive trona is present from 1,659 ft 8
in to 1,660ft0in. A thin section cut at 1,659t 8in at the contact between the rich oil shale
and the trona shows the shale being replaced by the trona.
No break
10 0 The upper two-thirds of the section is medium-grade oil shale and the lower one-third is lean
greenish shale. Shortite (about 5 percent) and trona (about 3 percent) are present. Lough-
linite is found from 1,665 ft to 1,665 ft 5 in. Pyrite is present in the lower part of the section.
No break
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TaBLE 3.—Chemical analyses (in percent) of samples from the drill core of the John Hay, Jr., well 1, Sweetwater County, Wyo.

[Joseph J. Fahey, analyst.

Samples are listed by laboratory number.

Depths of samples given in table 2]

148137 | 148138 | 148139 | 148140 | 148141 | 148142 | 148143 | 148144 | 151391 | 151392 | 151393 | 151394 | 151395 | 151396
27.84 | 29.88 | 25.91 17.61 35.03 | 29.86 | 29.09 | 24.00] 27.38 | 1542 | 24.97 | 31.87 24.80
6. 11 4. 06 3.87 3.42 5.35 2.74 8.64 4.03 6.33 3.82 4.78 7.67 3.23
1.92 1.24 . 89 1. 89 .83 2. 48 .50 1.14 1.42 .31 2.45 .83 .95
.80 .90 .73 .55 1.25 1.08 1.10 1.00 1.08 .68 .65 1.05 1.05
.24 L1383 .18 .14 .31 .25 .22 .19 .25 .13 .17 .27 V12
17 .00 .04 .01 .03 .01 .01 .02 .01 .02 .00 .01 .01
13.02 9.35 17.89 { 16.84 12.89 13.06 16. 16 16.75 14.03 | 21.26 11. 06 14.58 18.01
4.96 7.42 | 10.44 8.01 | 10.36 7.77 | 10.47 | 10.64 8.30 | 16.69 8.32 7.31 12.98
.00 .00 .00 .02 .00 .00 .00 .00 .00 .00 .00 .02 .00
.03 .05 .08 .03 .10 .04 .09 .08 .08 .05 .04 .06 11
10.84 | 12.03 5.57 4.49 1.45 2.39 2.61 4.01 5.63 1.29 1.98 5.24 1.04
4.37 2.75 2.69 1.98 4.76 4.25 2.80 2.47 3.70 2. 54 2.22 4.93 1.94
.06 .03 .04 .04 .09 .04 .07 .02 .09 .04 .04 .02 .09
.00 .00 .00 .00 .00 .00 .00 .00 .00 . 00 .00 .00 .00
1.09 .08 .39 1.26 .34 2.17 .23 .88 .63 .03 1.57 .30 .52
.85 2.38 .21 .04 .06 .0 .05 AT .31 .25 .06 .10 .06
20.22 | 14.44 | 26.49 | 21.7¢ [ 20.05| 16.19 | 19.80 | 21.82 | 20.86 | 33.10 | 15.00 | 21.57 27.28
1.79 4.40 2. 09 .87 .93 .5 .56 1.17 2.40 .69 .95 1.51 .44
5.90 6.76 .32 .30 1.88 .52 2.79 1.32 2.22 1.16 1.29 1.79 1.06
1.08 4.78 2.23 | 2L.11 4.10 | 17.28 5.77 | 10.49 5.43 3.21 | 25.82 1.45 7.04
. . 101.29 | 100.78 | 100.06 | 100.35 | 99.81 { 100.68 | 100.96 | 100.50 { 100.15 { 100.69 | 100.87 [ 100.58 | 100.72
Oxygen correction for Cland S%____________________ - 16| —4| —.5 | —. 15| — 13| ~.10] —.25{ —.0 —.32| —.28| —06| —.16| —.10 —. 14
. . R 99.88 | 100.83 | 100.22 | 99.91 | 100.22 | 99.71 | 100.43 { 100.89 | 1060.18 | 99.92 | 100.63 | 100.71 | 100.48 | 100.58
Specific gravity at 4°C______ ... 2.479 | 2.644 |._._____ 2.603 | 2.091 | 2.593 | 2.342 | 2.518 | 2.458 | 2.560 | 2.697 | 1.978 | 2.648 2.519

! Determined by Laura Relchen using ion-exchange method.
2 Determined by Janet Fletcher by means of visible spectrum.
3 The sulfur correction was made on the basis of the sulfur present as pyrite.

cooled distilled water) to remain under a bell jar at
reduced pressure until no bubbles were forced to the
surface by gentle tapping.

SPECTROGRAPHIC ANALYSIS

The 14 samples from the John Hay, Jr., well 1
were examined quantitatively for minor elements
spectrographically and the results are given in table 4.
Each sample was ignited before placing it in the arc.
Sixteen minor elements were found and 24 more were
looked for but not detected.

PARTICLE SIZE

Each sample was ground in a jaw crusher and rolls
and a 5-gram portion (2 grams of sample 148139)
of each was dispersed in distilled water. Particles

larger than 64y (sand fraction) were removed by wet
seiving and the clay (<2u) and silt (2-64u) were
separated by repeated centrifuging and decanting.
The fractions obtained were dried and weighed and
their proportions calculated as percentages. The
loss in weight from the original sample is presumed to
be due to the loss of water-soluble material. The
consolidated nature of the shales makes it improbable
that the figure shown in table 5 represent the true
particle size distribution in the shale. The sand
fractions of most of the samples contain aggregates of
finer material.

MINERAL ANALYSIS

The proportions of the minerals in the clay and silt
fractions listed in table 5 were semiquantitatively

TABLE 4—Quantitative spectrographic analyses for minor elements in samples from the drill core of the John Hay, Jr., well 1, Sweet-
water County, Wyo.

[Janet D. Fletcher, analyst.

Samples are listed by laboratory number.

Depths of samples given in table 2]

Laboratory 148187 | 148138 | 148130 | 149140 | 148141 | 148142 | 148143 | 148144 | 151391 151392 | 151393 151394 | 151395 | 151396
.| o0.022 0.047 0.24 0.038 0.014 0.021 0.028 0.010 0.0072 |  0.038 0.027 0.033 0.018 0.013
) 0 0 0 .022 0 0 0 . 002 0 0 .001 .002 002
- .001 . 002 .002 . 002 . 002 .002 004 0 0 .001 0 0 0 0
- .02 .04 .07 .05 .03 .08 .04 .09 .02 .07 05 .07 .03 .02
- . 0007 .001 .001 0 .002 .001 .001 001 .001 . 006 .001 .001 . 0009 .001
B .003 .003 . 005 . (02 . 008 .003 .005 003 003 . 002 004 . 004 .003 . 005
. .003 .005 .003 .003 .003 . 005 .005 004 .004 .003 .005 . 004 .005 . 004
. . 006 .009 . 007 006 .01 . 008 . 006 . 008 .005 .008 . 006 009 .008 .009
] .0002 . 0002 0002 L0002 [ 0 0002 . 0002 . 0002 L0002 [ 0 L0002 | 0 0
- . 002 . 002 0 0 0 0 001 0 0 0 0 0 0 0
_ .08 .2 .2 . 009 1 .2 1 .2 .06 .07 .1 1 .08 .09
_ .003 . 005 .003 .003 . 002 . 004 002 . 003 . 001 . 002 . 004 .007 .002 . 003
} .09 .09 .5 .09 .09 .08 1 1 1 .08 .2 .2 .2 .08
R .06 .06 .2 .02 .05 .02 05 .02 02 .04 . 006 .01 .04 .04
- .02 .03 .01 .02 .02 .04 .02 .03 01 .04 .02 .02 01 .04
...................... .002 .02 .02 . 009 007 02 . 009 . 009 003 01 .01 . 008 . 008 . 007

! T'wo significant figures for Cu are given hecause results were obtained on highly diluted samples.
2 A special exposure in the visible region was made to obtain better sensitivity for lithium.

Note.—0 in unit column means element not detected. All samples were ignited prior to analysis.
Looked for but not found: Ag, Au, Hg, Pd, Os, Ir, Pt. W, Ge, Sn, As, Sb, La, Be, Bi, Zn, Cd, T, In, Th, Nb, Ta, U, and P.
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TaBLE 5.—Particle-size analysis, in percent, of 14 samples of otl
shale from the drill core of the John Hay, Jr., well 1, Sweetwater
County, Wyo.

[John C. Hathaway, analyst. Depths of samples given in table 2]

Laboratory Sand Silt Clay Difference
No. (>64w) (2-64) (<2w) (T1,0
soluble)
26 37 11 26
15 33 28 24
15 61 5 19
10 58 22 10
53 25 4 18
148142___ 23 46 27 4
148143._. 66 19 7 8
148144___ 47 32 10 11
151391, 64 28 8 0
151892 .. 55 29 10
151393__. 44 31 14 11
151394.__ 72 20 5 3
151395.__ a—- 24 49 20 7
151896, - . 70 19 7 4

estimated by means of their X-ray diffraction patterns,
and are reported as parts in ten in table 2. X-ray
diffraction patterns were made for each sample as
follows:

Clay fraction:

1. Oriented aggregate, air dried.
2. Oriented aggregate, treated with
gyleol.

ethylene

3. Oriented aggregate, heated at 400° C in
diffractometer furnace.
4. Oriented aggregate, heated at 500° C in

‘

diffractometer furnace.
5. Randomly oriented powder, air dried.
6. Randomly oriented powder, treated with formic
acid.
7. Randomly oriented powder, treated with hot
concentrated HCI.
Silt fraction:

1. Randomly oriented powder, air dried.

2. Randomly oriented powder, treated with formic
acid.

3. Randomly oriented powder, treated with hot
concentrated HCI.

As the estimates of minerals present, listed in table
10, are derived from the relative intensities of the
diffracted lines, and as many factors in addition to the
quantity of a mineral affect the diffraction intensity,
the estimates are not intended to give more than a very
general indication of the relative amounts of the various
minerals present. A measure of the acid-soluble portion
(table 7) of the sand, silt, and clay fractions of samples
151391 to 151396, inclusive, listed in table 5, was ob-
tained by treating on the steam bath with (1-4-1) HCl
for about 30 minutes a weighed sample of each fraction,
filtering on a preweighed fine-mesh sintered-glass filter,
drying overnight in an oven held at 90° C, and weighing.
The difference between the weight of the sample and

GREEN RIVER FORMATION

TABLE 6.—Semiquantitative estimation, by means of X-ray diffrac-
tion patterns, of the minerals present in the clay and silt fractions
of samples from the John Hay, Jr., well 1, Sweetwater County,
Wyo.

[John C. Hathaway, analyst. Depths of samples given in table 2]

Estimat;d
tor amoun,
Lablo\;_g‘o U (parts in 10)

148137__

Fraction Minerals present

Clay (<2p)---

Mica- o
Quartz_ ... _.____.____

=

Silt (2-64p) - -

Quartz . ___._________
Orthoclase__ . _________

148138__ Orthoclase_____________

—~
-
fa

Loughlinite_______._____
Caleite. ... ...

=

T wo R oWt WA =W T NN N DWNWET RN WA O DN Ot = O T

Quartz._______ P

2
Q
S
3

Loughlinite_ . _____._____

Aragonite (residue from
shortite).

Orthoclase_____.__..__.

148139__

=
o
o
=

Loughlinite_______.____
Aragonite__ ___________
Orthoclase_ . _____.____
Dolomite__ .. __________
Quartz_. . _________
Orthoclase___._________
Loughlinite____________
MiCa oo
Dolomite_ - __________
Quartz_.._.____________

148140__

—

@]
o
3
o
S
=g
@

.

i

.

ll

1

I

‘

‘

1

]

I

.

1

t

1

1]
I

148141__

Quartz_ . ___________.._.
Loughlinite____________
Dolomite__ - _________

=

Quartz_____ .- _____
Orthoelase_____________
Dolomite_ . ___________

~

148142__

(=]
=]
-
=
o
g,
2
=}
=3
=4
o+
@
.

t

1

.

t

|

1

.
=

Dolomite______________
Quartz. .. ______
Orthoclase____.________
Dolomite__ ... ____.___

~

148143__

Quartz_ ..
Dolomite_ .. _____.___
Quartz_ .. ___ ..
Orthoelase______.______
Dolomite__._____.______
Quartz_ ... ________.
Mica____ .
Orthoclase____.________
Dolomite____ ... ______
Quartz______________.__
Orthoclase____ . ________
Mixed layered mica-
montmorillonite.
Dolomite___ ___________
Quartz. ...

148144__

WS WSO RN

151391__

-t T
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TaBLE 6.—Semiquantitative estimation, by means of X-ray diffra-
tion patterns, of the minerals present in the clay and silt fractions
of samples from the John Hay, Jr., well 1, Sweetwater County,
Wyo.—Continued

[John C. Hathway, analyst. Depths of samples given in table 2]

Estimated
amount

Laboratory
No. (parts in 10)

Fraction Minerals present

=

Feldspar(?) ... _____
Mixed layered mica-
montmorillonite.

Dolomite __ .. _________

151392__

Feldspar_ __ . ____.____
Montmorillonite._______
Dolomite. . ____________
Quartz________________
Caleite________________

T wF oot

=

151393 _ layered
montmorillonite.
Dolomite_ _____________
Feldspar_ . _ ___________
Dolomite_______ .. _____
Feldspar______________

151394 __

[l S RN F LU RSO RS

~

layered mica-
montmorillonite.
Dolomite______________

151395.__
Feldspar_. _____________
Quartz_________._______
Dolomite______._______

Feldspar_ .. ... _.__

151396__ Dolomite._____________

Feldspar___ . _________
Dolomite .. ___._.__.____
Quartz________________
Feldspar_ ______.______

1 May have small number of interstratified montmorillonite layers,

L
[=1
o
=
*+
=
¥
H
1
¥
'

1
'
'
1
1
'
1
1
1
1
¢
[l PR WU RGN U N GRS R IURG |

the residue is recorded in table 7 as percent of the clay,
silt, and sand fractions soluble in (1--1) HCl. This
soluble portion was made up chiefly of the carbonates
present in each sample.

ORGANIC MATTER

The organic matter contained in the Green River
formation is the contribution of countless numbers of
tiny organisms that, having finished their life cycle,
sank to the muddy bottom of the lake, and were buried
and changed through millions of years to form this vast
accumulation of fossil fuel. The “oil shale’”’ constitutes
a tremendously large source of energy that awaits only
propitious economic conditions to perform the thou-
sands of tasks now done by crude petroleum.

The concentration of organic matter in the Wilkins
Peak sediments ranges from less than 1 percent to

TaBLE 7.—Solubility in hydrochloric acid of the clay, silt, and
sand fractions of samples from the John Hay, Jr., well 1, Sweet-
water County, Wyo.

Depths of samples are given in table 2. Particle-size

[TJoseph J. Fahey, analyst.
analyses are given in table 5]

Laboratory
No. Solubility of fraction in (14-1) HC1
Clay, 50 percent of 8 percent= 4 percent
Silt, 58 percent of 28 percent=16 percent
Sand, 58 percent of 64 percent=37 percent

57

Clay, 39 percent of 10 percent= 4 percent
Silt, 53 percent of 29 percent=15 percent
Sand, 55 percent of 55 percent=30 percent

49

Clay, 40 percent of 14 percent= 6 percent
Silt, 78 percent of 31 percent=24 percent
Sand, 81 percent of 44 percent=236 percent

66

Clay, 70 percent of 5 percent= 4 percent
Silt, 40 percent of 20 percent= 8 percent
Sand, 36 percent of 72 percent=26 percent

38

Clay, 27 percent of 20 percent= 5 percent
Silt, 52 percent of 49 percent=25 percent
Sand, 70 percent of 24 percent=17 percent

47

Clay, 44 percent of 7 percent= 3 percent
Silt, 62 percent of 19 percent=12 percent
Sand, 61 percent of 70 percent=43 percent

58

151391 __

151392 ___

151393 _._

151394_ ___

151395____

151396___.

probably more than 30 percent. In the 14 chemical
analyses listed in table 3, the lowest content of organic
matter is 1.07 percent and the highest is 25.32 percent.
A sample from the drill core of the John Hay, Jr., well 1,
which was obviously high in organic matter, was selected
to serve as a source of organic matter on which the
specific gravity could be determined and the index of
refraction measured. This sample contained 26.88
percent organic matter and had a bulk specific gravity
of 1.898 at 25° C. This was determined on the Jolly
balance by using a piece that weighed between 16 and
17 grams, the entire surface of which had been made
smooth by applying fine sandpaper. This was done to
eliminate the possibility of air entrapment in tiny
surficial cavities, which would result in a figure for the
specific gravity that would be lower than the correct
one.

The organic matter and the pyrite were separated
from the other material of the sample by treatment as
follows:

1. A sample weighing 10 grams that had been ground
to pass a 200-mesh sieve was treated in a beaker
with about 100 ml of (141) HCI and allowed to
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remain on the steam bath for about 1 hour. This
removed the carbonates.

. The solution was filtered using a 41H Whatman
filter paper and washed with warm dilute HCI.
The residue was transferred with a stream of
water to a platinum crucible of 100-ml capacity,
and 5 ml of concentrated HCt and 50 ml of HF
were added. A well-fitting cover was apphed and
the crucible was allowed to remain on the steam
bath overnight.

3. It was filtered on 41H Whatman paper using a
polyvethylene funnel and beaker, wuashed with
warm dilute HCI and the residue was returned to
the same crucible and 50 ml of dilute HCI was
added. It was covered and heated on the steam
bath about an hour.

4. The residue which consisted of the organic matter
and the pyrite was filtered on a 41H Whatman
paper, washed with warm water, and transferred
with a stream of water back to the same crucible.

5. The crucible and contents were placed on the steam
bath until the water was evaporated and then
transferred to an oven held at 80° C and allowed
to remain overnight. After cooling, the residue
was lightly ground to destroy caking and passed
through a 200-mesh sieve.

Lo

The specific gravity of the organic matter plus pyrite
was found to be 1.064 at 4° C. A 0.5480-gram sample
was used and placed in a fused-silica Adams-Johnston
pycnometer of 25-ml capacity. The sample was
covered with boiled and cooled distilled water to which
a drop of aerosol wetting agent had been added. The
pycnometer and contents were then placed under a bell
jar and the pressure reduced to about 3 cm of mercury
and held there for about 2 hours. During this time the
pycnometer was repeatedly agitated to cause air bubbles
trapped by the fine-grained organic material to rise to
the surface of the water. The pycnometer was then
removed from the bell jar to a water bath held at 33° C
and allowed to remain there until the temperature of
the pycnometer and contents reached the temperature
of the bath. This required about 45 minutes. The
pyenometer was then filled with boiled distilled water
that had been brought to the temperature of the bath,
and the cap of the pyenometer was immediately put on.
After the pycnometer was dried with a soft towel and
allowed to remain on the balance pan for 45 minutes,
its weight, plus the weight of the sample and water
contained therein, was obtained. Likewise, without
the vacuum treatment, the figure for pycnometer plus
water was obtained. From these figures and the
weight of the sample the specific gravity at 33°C was
obtained and computed to 4° C by applving the proper
factor.

GREEN RIVER FORMATION

The pyrite content of the organic material was found
by determining the iron and computing to FeS,. This
gave the figure 6.28 percent pyrite. On another sample
sulfur was determined that when computed gave the
figure 6.70 percent pyrite. The figure 6.28 percent
was arbitrarily selected on the reasoning that the
organic matter may have contained the sulfur equiva-
lent of the difference between 6.70 and 6.28 percent
pyrite. An X-ray powder pattern confirmed the pres-
ence of pyrite.

The specific gravity of the pyrite in the organic
matter was assumed to be 5.000. Using this figure,
the percent of pyrite present, and the determined
specific gravity of the organic matter plus the pyrite,
the specific gravity of the organic matter was computed,
as follows:

6.28

100.00—6.28 _ 100 ,
5.000+ X

T 1.064

x=1.01, which is the specific gravity of the organic
matter at 4° C.

The index of refraction of the organic matter is 1.60.
A 0.2500-gram sample was treated for about an hour
with CS;+Br+HNOQ,, after which it was filtered,
washed, and dried overnight on the steam bath, and
allowed to remain for 4 hours in an oven at 80° C. The
sample was then cooled in a desiccator and was found
to weigh 0.3410 grams, an increase of 36 percent over
the original 0.2500 gram weight. The index of refrac-
tion dropped 0.01 to 1.59. The increase in weight was
undoubtedly due to oxidation and possibly bromination
of organic compounds that make up the heterogeneous
mixture of saturated and unsaturated hydrocarbons.

Nitrogen was determined by the Kjeldahl method on
a Y%-gram sample of the organic matter, and found to
be 2.04 percent. After correcting for the 6.28 percent
pyrite, the pure organic matter was found to contain
2.18 percent nitrogen.

SALINE MINERALS
DISTRIBUTION

The term ‘“saline mineral” as used in this report,
refers to those minerals having sodium occupying one
or all of their cation positions, and the carbonate radical
supplying all or part of the negative charge. Saline
minerals found in more than trace quantities in the
Green River rocks are shortite (Na,C0,;-2CaCOy),
pirssonite (Na,('04-CaCO;2H,0), gaylussite (Na,COs-
(CaC0,5H,0), trona (Na,COsNaHCO;-2H,0), nah-
colite (NaHCO;), northupite (Na,CO3Mg(CO;-NaCl),
and bradleyite (NazPO,MgCO;). Traces of ty-
chite (2Na,(103-2Mg(C04-Na,S0,) and thermonatrite
(Na,CO,-H,0) also have been found.
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Bradleyite has a vitreous luster and a conchoidal
fracture. The hardness is 3 1/2. The specific gravity
2.720 was the average of seven determinations made
on the Berman balance by Mary Mrose, X-ray crystal-
lographer, on tiny subhedral crystals picked by Milton
from the trona residues. The value 2.720 agrees with
that of 2.734 determined by an indirect method on the
original material from the core of the John Hay, Jr.,
well 1. It also checks the figure 2.725 obtained by
applying the Gladstone-Dale equation (Fahey and
Tunell, 1941, p. 647).

CHEMICAL PROPERTIES

Cold water very slowly attacks bradleyite dissolving
the sodium phosphate and leaving a residue of mag-
nesium carbonate. Hot water produces the same effect
but in a much shorter time. The common acids dis-
solve bradleyite, with evolution of carbon dioxide. In
the closed tube bradleyite becomes opaque but does
not melt.

A chemical analyses of two samples of bradleyite are
listed in table 13. Sample 4 was from the drill core
of the John Hay, Jr., well 1, and included 14.46 percent
of clay that was recorded as insoluble in HCl. Sample
B weighed 80.2 mg and was from the residue obtained
by Milton upon leaching material from the trona bed
of the Westvaco mine.

SPECTROGRAPHIC ANALYSIS

The spectrographic analysis was made on powdered
bradleyite from sample B (table 13) by the method
used for shortite.

The percentages of the elements found in trace
amounts are Mn, 0.1; V, 0.01; Ti, 0.2; Ca, 0.4; Sr,
0.05; Ba, 0.7; Sc, 0.004; and Si, 0.5. The elements
looked for but not found are Ag, Au, Hg, Pd, Pt, Mo,
W, Re, Ge, Sn, Pb, As, Cu, Sb, Nb, Bi, Zn, Cd, TI,
Co, Ni, Cr, Ga, Y, Yb, La, Ce, Nd, Zr, Th, Ta, U, Be,
and B.

A comparison of the spectrographic analysis of
bradleyite with those of the six other saline minerals
listed in table 10 shows that the elements copper, tin,
chromium, and beryllium are among the elements that
were looked for but not found in the bradleyite, but
are present in trace quantities in the other six saline
minerals. Bradleyite contains 0.7 percent barium
whereas pirssonite and gaylussite contain 0.0080 and
0.0004 percent, respectively, and the other four saline
minerals have less than 0.0002 percent of this element.
The relatively high percentages of iron, aluminum,
copper, and silica found in bradleyite are probably due
to the presence of foreign material in the samples.
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TasLe 13.—Chemical analyses of bradleyite
[Joseph J. Fahey, analyst]

Sample A Sample B

(percent) (percent)

MgO__ . 12. 91 14. 3
NayO_ ... 31. 62 135 3
KoOooo - .00 1.0
PO o 22. 03 26. 1
COpm oo 15. 80 15. 8
Insoluble in HCI______________.___ 14. 46 1.9
H,O .30 .5
F8203 ___________________________ 52 2.6
ALGOs . ____. 24 1.5
CaO___ . 36 .6
TiOg. o . .. .2
MnO.____ L .. .1
SiOg o 02 . ________
SOs- .. 46 o .
Clo_ . .35
BaO_ ___ . ______ 2.8

Total____ . _ . 99. 07 99. 7

1t Alkalies determined by Lanura E. Reichen.
2 Determined spectroscopically by Harry Rose.

Sample A. From drill core of John Hay, Jr., well 1.
Sample B. Analysis made on 80.2 mg of individual crystals obtained from the trona
bed of the Westvaco mine,

PIRSSONITE

NAME OF MINERAL

Pirssonite (Nay,C0O,;-CaCO;-2H,0) was described and
named in 1896 by J. H. Pratt in honor of his friend and
associate, Professor L. V. Pirsson of the Sheffield Scien-
tific School at Yale University (Pratt, 1896).

OCCURRENCES

The new mineral was found very sparingly associated
with northupite in material from a bore hole drilled into
the sediments of Borax Lake, San Bernardino, Calif.,
which was discovered in 1863 by John W. Searles.
The name Borax Lake was later changed to Searles
Lake to avoid confusion with Borax Lake in Lake
County, Calif. (Bailey and Aubury, 1902).

The second occurrence was in the Otjiwalundo Salt
Pan, South West Africa (Foshag, 1933), where it was
found associated with trona, thenardite, and sulpho-
halite.

M. Vonsen, an amateur mineral collector, in 1935
recorded the third locality of pirssonite (Vonsen,1935)
He found it embedded in trona with gaylussite and
northupite near the western shore of Borax Lake, Lake
County, Calif.

The fourth location at which pirssonite has been
reported is the Wilkins Peak member of the Green
River formation in Sweetwater County Wyo. It
oceurs here with shortite and northupite.
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Pirssonite was found between depths 1,310 and
1,391 feet in the drill core of the John Hay, Jr., well
1, about 18 miles west of the town of Green River, Wyo.
It was visually estimated to make up 10 percent of the
drill core between 1,310 and 1,320 and 5 percent of the
core between 1,320 and 1,330 feet. In the core, be-
tween depths 1,340 and 1,350 feet, pirssonite is found
In association with gaylussite and bradleyite in ad-
dition to shortite and northupite.

CRYSTALLOGRAPHY

Pirssonite crystallizes in the orthorhombic system.
No crystal faces were observed on samples of pirs-
sonite from the core of the John Hay, Jr., well 1. The
mineral forms as masses in vugs and cracks in the shale.
It is usually found replacing shortite and then being
replaced by northupite, both replacements taking place
within the area covered by a photomicrograph of the
thin section (figs. 32 and 33).

OPTICAL AND PHYSICAL PROPERTIES

Most of the pirssonite found in the shales of the
Green River formation is transparent. In ordinary
light it ranges from colorless to a very pale yellow
owing to traces of organic matter,

The indices of refraction are:

a=1.504
8=1.509;40.002
vy=1.573

2V=27° positive (calculated).

Optical properties are listed in table 8.

Pirssonite is brittle and has a vitreous luster and a
conchoidal fracture. The hardness is 3 to 3%. An
Adams-Johnston fused silica pycnometer was used to
determine the specific gravity on a sample that passed
80-mesh and was retained on a 100-mesh sieve. The
value 2.382 for the specific gravity was obtained.

CHEMICAL PROPERTIES

Pirssonite is differentially soluble in water, leaving
calcium carbonate in the solid phase. 1t is readily dis-
solved in acids, vigorously giving off carbon dioxide.
When heated in the closed tube it loses its water and
fuses.

The phase-equilibrium diagram (fig. 30) of the
system Na,(CO;—CaCO;—H,0 (Bury and Redd, 1933)
shows that at one atmosphere of pressure pirssonite
forms between 37.5° C and 103.2° C in a saturated
solution of sodium carbonate in the presence of sodium
carbonate and calcium carbonate in the solid phase.
Under these conditions equilibrium was attained in
7 to 14 days.

The sample for chemical analysis was prepared by
hand-picking clear fragments of pirssonite from coarsely

crushed shale that contained this mineral and then
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grinding to pass an 80-mesh sieve. Though great care
was taken to prepare the sample as free as possible
from contaminating shale, the chemical analysis in
table 9 shows that 1.40 percent was insoluble in acid.

SPECTROGRAPHIC ANALYSIS

The spectrographic analysis was made on a powdered
sample of pirssonite, by the method used for shortite.

The percentages of the elements measured on the
spectrographic plate are: Cu, 0.0005; Sn, <0.002;
Mn, <0.0002; Fe, 0.23; Cr, <0.0004; Al, 0.052; Ti,
0.004; Be, <0.0002; Mg, 0.080; Sr, 0.068; and Ba,
0.0080. These results have an overall accuracy of
+15 percent except near the limits of detection where
only one digit is reported. The elements that were
looked for but not found are listed in table 10. As
is seen in the spectrographic analysis the barium
content of pirssonite is greater than that of any of the
other saline minerals.

GAYLUSSITE
NAME OF MINERAL

The pentahydrate of sodium and calcium carbonate
(Na,CO;-CaCQ;4.5H,0) was described and named gay-
lussite (Boussingault, 1826) in honor of the great
French chemist L. J. Gay-Lussac. The mineral was
found in the mud of an alkali lake at Lagunilla, a
small Indian village located about 48 miles southeast
of the City of Merida, Venezuela.

OCCURRENCES

In addition to the original location gaylussite has
been found in many places throughout the world in
alkali lakes, including Taboos-nor (Salt Lake) in the
eastern Gobi Desert, Mongolia.

Gaylussite is present in the United States at several
sinks in the Carson Desert near Ragtown, Nev., at
Independence Rock in the Sweetwater Valley, Wyo.,
and Mono Lake, Lake County, Calif. It has been
found with northupite and pirssonite embedded in trona
near the western shore of Borax Lake, Lake County,
Calif., and at Searles Lake, San Bernardino County,
Calif.

Gaylussite is found associated with shortite, north-
upite, pirssonite, and trona in the Wilkins Peak member
of the Green River formation. At the site of the John
Hay, Jr., well 1, it is found between depths 1,261 feet
and 1,350 feet. Between 1,266 feet and 1,267 feet 6
inches and the 2-foot stratum between 1,268 feet and
1,270 feet, gaylussite is visually estimated to consti-
tute about 10 percent of the core.

CRYSTALLOGRAPHY

Gaylussite crystallizes in the monoclinic system. In
the Wilkins Peak member of the Green River formation,
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FIGURE 30.—Phase equilibrium diagram of the system NasCOs—CaCOs—H:0 (Bury and Redd, 1933).

gaylussite, like pirssonite, is found only massive in vugs
and cracks in the shale. In thin section it is seen re-
placing shortite and in turn being replaced by northupite
(fig. 34). Another thin section shows gaylussite re-
placing portions of several crystals of shortite (fig. 35).

OPTICAL AND PHYSICAL PROPERTIES

Gaylussite is transparent to translucent. Like pirs-
sonite, it ranges from colorless to a pale yellow that is
due to traces of organic matter.

The indices of refraction are:

a=1.445
B=1.514; 40.002
v=1.524

2V=40° negative (calculated).

Optical constants are listed in table 8.

Like pirssonite, gaylussite is brittle and has vitreous
luster and a conchoidal fracture. The hardness is 2%
to 3. It slowly loses water in dry air, reverting to the
lower hydrate pirssonite.

The specific gravity (2.037 at 25° C) was determined
by using a fused silica Adams-Johnston pycnometer on
material that passed an 80-mesh sieve and was retained
on 100-mesh. Water saturated with sodium carbonate
was the liquid medium.

CHEMICAL PROPERTIES

When heated in the closed tube, gaylussite decrepi-
tates, loses water, and fuses to a white mass. It is
readily dissolved in acids with effervescence of carbon
dioxide, and is differentially soluble in water, leaving
calcium carbonate in the solid phase.
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Gaylussite is one of the stable phases (Bury and
Redd, 1933) in the system sodium carbonate-calcium
carbonate-water (fig. 30) from 15° to 40° C. These
authors also found that gaylussite is in equilibrium with
pirssonite between 37.5° and 40° C. In the 10-foot
stratum between depths of 1,340 and 1,350 feet in the
core of the John Hay, Jr., well 1, gaylussite and pirs-
sonite are found, suggesting that the temperature of
of deposition of this stratum was for at least part of the
time during diagenesis between 37.5° and 40°C.

The chemical analysis was made on carefully hand-
picked material and is given in table 9.

SPECTROGRAPHIC ANALYSIS

The spectrographic analysis was made on a powdered
sample of gaylussite, by the method used for shortite.

The percentages of the elements measured on the
spectrographic plate are Cu, 0.0006; Sn, 0.004; Mn,
<0.0002; Fe, 0.050; Cr, 0.0006; Al, 0.14; Ti, 0.004;
Be, <0.0002; Mg, 0.20; Sr, 0.022; and Ba, 0.0004.
These results have an overall accuracy of £ 15 percent
except near the limits of detection, where only one
digit is reported. The elements looked for but not
found are listed in table 10. In this tabulation it is
shown that gaylussite contains a higher percentage of
tin, chromium, and aluminum than any of the other
saline minerals and also has a higher content of magne-
sium than any of these minerals except northupite, of
magnesium is a major constituent.

PARAGENESIS OF THE SALINE MINERALS
GOSIUTE LAKE

The Green River formation north of the Uinta
Mountains had its origin in a lake of vast size that was
named Gosiute Lake by Clarence King (1878, p. 446).
This name was used by Bradley (1929, p. 88) in his
study of the varves and climate of the Green River
epoch.

During its long life span Gosiute Lake left in its
bottom muds a chronological record of events and con-
ditions of that time. Bradley has read much of this
record and in his papers has shown that the climate was
similar to that now found in our Gulf States, and that
the heavy rains of the springtime were followed by low
precipitation during the fall months. He deduced that
for long periods of time the lake had no outlet, that
solar evaporation balanced the inflow of the streams,
and that an abundant flora and fauna grew in the lake
waters. This, and much more, was obtained from the
varves and fossils of the Green River rocks.

The aggregate of saline minerals found in the oil
shale gives clues to other conditions of that time. The
mineral trona (Na,CO;-NaHCO;-2H,0), because of its
bicarbonate ion, could have precipitated only in the
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presence of abundant carbon dioxide. This was fur-
nished by the decaying organic remains of plants and
animals that, having passed through their life cycle,
sank to the bottom ooze, there to begin that series of
changes the end product of which is oil shale.

From the meager knowledge we have of the stability
relations of the complex alkaline brine of the lake, we
find that on the phase boundary between nahcolite and
trona (fig. 6) at a given pressure of carbon dioxide, a
slight lowering of the temperature causes nahcolite to
be the stable phase whereas only trona will precipitate
if the temperature is raised. This suggests that when
the trona beds in Wyoming were deposited, the temper-
ature may have been too high for nahcolite to be pre-
cipitated, whereas at the time of deposition of the
naheolite in Colorado and Utah the temperature may
have been too low for the precipitation of trona. An-
other factor which may and probably did play a part is
the partial pressure of- carbon dioxide. At a given
temperature at which trona is precipitating, nahcolite
can be made the stable phase by sufficiently increasing
the partial pressure of the carbon dioxide.

The variations of concentration, composition, and
temperature of solution that define the stability range
of shortite (Nay,CO;-2CaCO;)—the most abundant of
the saline minerals found in the shale—are not known.
However, whatever these conditions may be, they were
maintained uninterruptedly throughout that vast period
of time required for the deposition of sediment that,
when compacted, formed oil shale having a thickness of
more than 550 feet at the site of the John Hay, Jr.,
well 1. Between depths of 1,251 feet and 1,806 feet
6 inches, shortite is found throughout the entire vertical
column, This includes the four trona beds of approxi-
mately 10, 2, 4, and 6 feet in thickness, between the
depths 1,590 feet 3 inches and 1,600 feet 4 inches;
1,617 feet 6 inches to 1,619 feet 9 inches; 1,642 feet to
1,646 feet; and 1,653 feet 2 inches to 1,659 feet 3 inches,
respectively, throughout which crystals of shortite are
sparsely distributed. Likewise the physical and chemi-
cal conditions that permit the precipitation of trona
(fig. 6) were maintained for the duration of time re-
quired for the deposition of each of these four beds.

Sulfates in quantity greater than a trace are not
found among the saline minerals. The sulfate in the
waters of the streams flowing into the lake was reduced
to sulfide in the strongly reducing environment brought
about by decaying plant and animal remains. The
small amount of iron that was in solution in the lake
water was in turn precipitated by the hydrogen sulfide
and formed pyrite, tiny crystals of which are present
throughout the oil shale.

No potassium saline minerals are found in the salines
of the Green River formation. Sodium and caleium in
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their No. 1 and No. 2 wells in 1949 and 1950. These
15 drill cores doubled the size of the proven trona area
to about 60 square miles, and showed that the thickness
of the main trona bed ranged from 7 to 16 feet.

It became evident as additional wells were drilled
and the cores logged that nrinable trona extended far
bevond the area in which the wells were located. On
April 29, 1954, the Geological Survey made available
for leasing 287,904 acres, or approximately 450 square
miles, for prospecting for trona. This extended the
area more than 20 miles to the south and west of T. 19
N., R. 110 W, in wbich most of the exploratory wells
have been drilled.

COMPOSITION
CHEMICAL

To determine variations in the chemical composition
of the main trona bed between the top and the bottom,
two locations (A and B) about half a mile apart, were
selected. A representative sample of each foot of the
main trona bed was taken. At location A nine samples
were obtained and at location B, where the trona bed
was less thick, eight were collected. A similar pro-
cedure was followed at two other locations (C, 10
samples, and D, 9 samples) about 500 feet apart. The
samples from C and D were examined spectrographically
for lithium and the results are given in table 14.

TABLE 14.—Specirographic determination of lithium in channel
samples from each foot, top to bottom, of the main trona bed at
locations C and D about 500 feet apart, Sweetwater County, Wyo.

[Harry 7. Rose, analyst)

Sample Lithium Sample Lithium
(percent) (percent)
0. 001 0. 004
. 002 . 003
. 004 . 002
. 004 . 004
. 001 . 0004
. 0005 . 0003
. 0009 . 0008
. 0004 . 0003
. 0002 . 0003
. 0009

Fifty grams of each of the samples from locations A
and B were ground to pass a 100-mesh sieve and then
placed in a 1-liter beaker to which was added about
900 ml of distilled water. Each sample was repeatedly
stirred, and after remaining on the steam bath over-
night, the insoluble residue was filtered off, dried in an
oven overnight at 80°C, and weighed. Aliquots of the
filtrate were taken for the determination of P,0;, SO,
Cl, Br, and I, and the results are given in table 15. The
percentage of the water-insoluble residue subtracted
from 100 percent is a very close approximation of the
trona present in the sample. Treatment of the water-
insoluble residue with (141) HCI on the steam bath for

596568 0—62——56
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1 hour removed the dolomite. The insoluble residue,
which was chiefly detrital material and a very small
amount of organic matter, was filtered on a preweighed
sintered glass filter, dried in an oven at 80°C for 2
hours, and weighed.

At both locations A and B, as shown in table 15,
less contaminating material is found in the middle, or
near the middle, of the trona bed than at the top or the
bottom. This is usually true in the main trona bed,
though location E in table 16 is a notable exception.
The phosphate, sulfate, and chloride, though present
in very low percentages are, in most instances, higher
where the concentration of water-insoluble material is
greater.

TaBLE 15.—Chemical analysis of channel samples of each foot

from top to bottom of the main trona bed af locations A and B
about one-half mile apart, Sweetwater County, Wyo.

[Joseph J. Fahey, analyst]

Insolu- | Insolu-
blein | blein P,05 503 Cl Br I
Sample H;0 (1+1) (per- (per- (per- (per- (per-
(per- HCl cent) cent) cent) cent) cent)
cent) (per
cent)
2.71 0.024 0.015 0.10 0. 002 0. 0002
.21 . 002 . 002 .07 . 002 . 0002
6.13 .013 . 008 .16 002 . 0002
.65 .014 . 012 .08 002 0002
.16 .014 . 008 .06 002 . 0002
.08 .015 <.002 .12 002 . 0002
.47 .014 <. 002 .07 002 0002
.35 .015 .002 .05 002 0002
.39 . 004 <. 002 .09 002 0002
1.24 0.013 0. 006 0.09 0. 002 0. 0002
A 13.18 0.014 0.030 0.50 0. 002 0. 0002
3 4.14 . 026 . 028 .15 . 002 0002
5 3.58 .012 .028 .12 002 0002
. 25 .014 .012 .08 002 0002
. 24 .014 .010 .05 002 0002
. 04 . 006 <. 002 .08 002 . 0002
. .08 .012 . 004 .15 . 002 . 0002
. .43 .013 . 006 .07 . 002 0002
Average_.. 6.10 2.74 0.014 0.015 0.15 0. 002 0. 0002

P20s, 8O3, Cl, Br, and I were determined on the water-insoluble fraction.

The average concentration of trona in the trona bed
at any given locality is not likely to be higher than about
96 percent, which is found in the bed at location A.
The percentage of trona at location B, which is approxi-
mately 93 percent, is closer to the average content of
the trona bed.

MINERALOGICAL

A mass of trona weighing about 20 pounds was taken
from the top, middle, and bottom of the trona bed at
each of two locations E and F about a quarter of a mile
apart. On these six samples the density was measured
by cutting from each sample a rectangular solid that
was approximately a cube, polishing each side with
fine sandpaper, and measuring its dimensions in centi-
meters and its mass in grams. The mass of the six
samples ranged from 73.692 g to 147.770 g. The
density in grams per cubic centimeter is listed in table
16.
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TABLE 16.— Denstty and composition of bulk samples from the top,
middle, and bottom of the main trona bed at locations E and g,
about a quarter of a mile apart, Sweetwater County, Wyo.

[Joseph J. Fahey, analyst]

Density | Insoluble |Insolublein| Organic
Sample (g per cc) in H:0 | (1+1) HCl| matter

(percent) (percent) (percent)
E (£0D) - oo 2.117 1.55 0.79 0.037
E (middle)._.._ . 2.179 3.06 1.61 .142
E (bottom). 2.126 12 .06 . 002
F (t0D) - e ool 2.156 1.83 .78 .014
F (middle) ... 2.124 1.02 .41 .001
F (bottom) .. 2.119 .74 .35 .001

The six samples from locations E and F were ground
to pass a 100-mesh sieve and leached with water over-
night on the steam bath in the same manner as pre-
viously described for samples A and B. The water-
insoluble residue was filtered off and dried at 80° C.
An X-ray powder pattern showed the material to be
predominantly dolomite. Treatment with (14-1) HCl
removed the dolomite, and the residue, after it was
filtered and dried, was examined under the petrographic
microscope and found to be a mixture of quartz and
clay. The organic matter of the original sample was
concentrated in this small fraction.

Subhedral crystals, as much as 10 inches long, of the
rare mineral searlesite (NaBS1,05-H,0O) have been found
sparsely disseminated throughout the main trona bed.
The mineral is also present as micalike books in the
shale, both above and below the trona bed. This is the
third recorded location of searlesite (Fahey and Axelrod,
1950). It was orginally found in clay from Searles
Lake (Larsen and Hicks, 1914) as white spherulites
about 1 mm in diameter. The second locality of sear-
lesite is the Silver Peak Range, Esmeralda County,
Nev. (Foshag, 1934), where it is found as prismatic
crystals that seldom exceed 3 mm in length.

ORGANIC MATTER

To obtain an accurate measurement of the organic
matter contained in the six samples from locations E
and F, a 1-kg sample of each was taken and, after
crushing to about pea size, was placed in a 2-liter
beaker. To this was slowly added (1+2) HCI until
the carbonate was destroyed. After the solution was
diluted it was filtered through a Whatman 41H paper
and the residue washed with (1+9) HCI and trans-
ferred, by means of a stream of water, to a 100-ml
platinum crucible. A well-fitting cover was put on the
crucible after 10 ml of HC] and 50 ml of HF were added.
After the solution remained on the stream bath over-
night it was filtered through a Whatman 41H paper,
using a polyethylene funnel and beaker. The residue
was washed with distilled water and transferred by
means of a stream of water to a preweighed platinum
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crucible of 25-ml capacity. After taking to dryness on
the steam bath, the crucible and contents were allowed
to remain overnight in an oven held at 80° C. After
cooling and weighing, the organic matter was burned
off, the crucible weighed, and the organic matter re-
corded as the difference in the weights. The very
small percentages of organic matter in the samples
listed In table 16 necessitated taking a 1-kg sample.

The color of the trona bed resembles that of maple
sugar. This is due in great part to the organic matter
which, though only present in trace quantities, pig-
ments the trona bed.

LENGTH OF TIME OF DEPOSITION

Bradley, in his study of the varves of the Green
River formation, found the average range in thickness
in the sandstone, marlstone, and oil shale to be from
0.037 to 1.16 mm (Bradley, 1929, p. 99). He con-
sidered each varve to represent a period of time of 1
year and thus computed the time required to accumu-
late the material necessary to produce a thickness of 1
foot of these sedimentary rocks ranged from 250 to
8,200 years, with a weighted average of 2,200 years.
In an oral communication (1960) Bradley estimated
that 3,000 years was the length of time required for the
deposition of a thickness of 1 foot of the sediments of
the Wilkins Peak member of the Green River formation
in which the saline minerals are found. This means
that a period of time of about 3,000 years was required
for the deposition of the detrital material and organic
matter plus the minerals that precipitated from the lake
water to form a thickness of 1 foot of rock. This rock
material is composed chiefly of dolomite, other water-
insoluble minerals, the detrital minerals, and organic
material.

To arrive at an approximate figure for the length of
time required for the deposition of the trona bed, the
period of time, 3,000 years, is used as that required
for the accumulation of the material of which a thick-
ness of 1 foot of the average rock of the Wilkins Peak
member of the Green River formation is composed.
If it is assumed that this rate of deposition of water-
insoluble material was maintained during the time that
the trona bed was laid down, it seems that the length
of time required for the deposition of a thickness of
1 foot of trona would be proportional to the percentage
of water-insoluble material present. Thus, if a 1-foot
thick section of trona contained 10 percent of water-
insoluble material, the time required for deposition
would be 10 percent of 3,000 years, or 300 years.
Taking the percentage of water-insoluble material of
the channel samples A and B (table 15) and applying
the factor 3,000, a figure for the time required. for the
deposition of the trona bed is obtained (table 17).
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TABLE 17.—Length of time of deposition of the trona bed, based on
the percentage of water-insoluble material in the vertical section

[Joseph J. Fahey, analyst]
Insoluble

in HyO Length of

Sample (percent) time (years)

Al . 12. 40 372
A2 . . 38 11
A3 . 14. 18 425
A4 ____. 1. 40 42
A5 . .31 10
A6 .. .14 4
A7 ... 1. 00 30
A8 . .73 22
A9l ____ 1. 91 57
Total . o _____.. 973

Bl ol __ 29. 22 877
B2 . 9. 04 271
B3 . 8. 04 241
B4 . _ .61 18
Bb5 . 87 26
B6_ . .08 3
BT o .13 4
B8 77 , 23
Total e 1, 463

Table 17 shows that in both sample A and sample B
there is a very large range in the time of deposition per
foot of the trona bed between the top and the bottom
of the column. However, the difference in total time
of deposition between that at location A and that at
location B, as indicated by this procedure, is not so
great. Table 17 also shows a moderate rate of deposi-
tion at the bottom of the bed. This rate rapidly in-
creased in the next several feet but by the time the top
of the bed was reached the rate was very greatly re-
duced, indicating gradually diminishing conditions pro-
pitious to the precipitation of trona.

In this method for the estimation of the time duration
of the deposition of the trona bed, there are inherent
errors, chiefly among these being the uncertainty of the
factor 3,000 for the years required for the deposition
of a stratum 1 foot thick of water-insoluble material.
Bradley estimated this figure as a weighted average.
However, the correct factor for the water-insoluble
material of the trona bed well may be one-half of 3,000,
or it may be twice as great. This would place the
correct figure for the time required for the deposition
of the trona bed between 500 and 3,000 years, based on
the data obtained from the channel samples of locations
A and B. A 9-foot stratum of fine-grained sandstone,
according to Bradley, would be laid down in about
2,000 years whereas a rich oil-shale bed of the same
thickness would require more than 70,000 years. In

view of these figures, it is apparent that the time re- |
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quired for the deposition of the trona bed is probably
a small fraction of the time required for the deposition
of the same thickness of shale immediately above or
below the trona bed.

X-RAY POWDER DATA FOR THE SALINE MINERALS OF
THE GREEN RIVER FORMATION

By Mary E. MRoSE

Indexed X-ray powder data are presented in this sec-
tion for the following minerals from the Green River
formation: Shortite, Na,Ca,(CO3);, table 18; trona,
Na;H(CO;),-2H,0, table 19; nahcolite, NaHCOj;, table
20; northupite, Na;MgCl(CO;);, table 21; bradleyite,
Na;Mg(PO,)(CO,), table 22; pirssonite, Na.Ca(CO,),
2H,0, table 23; and gaylussite, Na,Ca(COs),-5H,0,
table 24. These saline minerals, with the exception of
nahcolite and bradleyite, are from the John Hay, Jr.
well 1, Sweetwater County, Wyo.; the nahcolite is from
oil-shale mine of the Bureau of Mines, near Rifle, Colo.;
the bradleyite, from Westvaco mine, Sweetwater
County, Wyo. Powder data for natural nahcolite,
northupite, and pirssonite are given for the first time.

EXPERIMENTAL TECHNIQUES

All the patterns for which X-ray powder data are
given in tables 18 through 24 were made on chemically
analyzed samples of the saline minerals, the analyses
of which are listed in tables 9 and 11, and table 13
(analysis B). For each powder pattern a spindle-
type mount having a diameter averaging 0.15 mm was
made from the finely powdered mineral and a binder
that consisted of a 10-percent solution of granular
low-viscosity ethyl cellulose dissolved in toluene.
The patterns were taken with Debye-Scherrer powder
cameras (114.59 mm diameter) using the Straumanis
and Wilson techniques with Cu/Ni radiation \CuKea=
1.5418 A, ACuKa;=1.5405 A, ACuKa,=1.5443 A).
Two powder patterns were taken with each spindle:
one, with the camera in a spot-focus position, for
obtaining intensity data; the other, with the camera in
a line-focus position, for best possible resolution for
film measurement. The observed cut-off, that is,
the lower limit measurable for 26, was approximately
7.0° (12.6 A).

The films were measured with a Hilger-Watts
film-measuring rule with a vernier precision of 0.05 mm.
All measurements were corrected for film shrinkage.
Intensities were estimated visually by direct comparison
with calibrated intensity film strips of successive step
line-exposures related to each other by a factor of 2.
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Indexed calculated interplanar spacings are listed
for each mineral for comparison with the observed
spacings. These data were calculated from the cell
constants cited at the head of each table. Calculations
were carried down to du,; > 2.00 A for trona, nahcolite,
bradleyite, and gaylussite; to du; > 1.570 A for
northupite; and down to dum; > 1.500 A for shortite
and pirssonite. Cell constants originally given in
kX units have been converted to A units for con-
venience of comparison with the observed spacings.
All observed lines were found to be satisfactorily
accounted for by the given X-ray cell data. Calculated
interplanar spacings for nahcolite, northupite, and
pirssonite were carried out on a digital computer by a
program devised by Daniel E. Appleman.

Tables 18 through 24 also contain powder data
found by other investigators for these saline minerals
as well as for corresponding synthetic compounds;
these are presented for comparative purposes.

TaBLE 18.—X-ray powder data for shortite, Na;Ca:(COs)s, from
the John Hay, Jr., well 1, Sweetwater County, Wyo.

[Orthorhombic, Amm2-Cls; a=4.961-20.005A, b=11.0320.02, ¢=7.12-0.01 1]

ASTM Mrose (unpublished data) 3
(Card 8-109) ?
Measured Measured Calculated
(flm 14139)
I drkt I drki drkt hkl
75 6.03 | 50 5.985 5.981 011
75 537 |71 5. 515 5.516 020
75 498 || 71 4957 1,960 100
60 382 || 50 3.818 3,818 111
2 3,685 3. 687 120
50 3.56 || 25 3. 565 3. 560 002
50 3.26 || 25 3,967 3,267 031
50 2.99 || 25 2,992 2,990 022
50 2.80 |l 18 2,888 2,801 102
50 275 || 13 2,758 2.758 040
35 2.725 2.729 131
100 2.57 || 100 2,562 2,561 122
75 2,48 2,476 2. 480 200
9 2,412 2,410 140
50 2.31 || 35 2,321 2,320 013
50 2.2 || 13 2,987 2.201 211
2,961 220
75 217 || 7 2.179 2180 042
107 051
60 2.11 || 50 2.106 { 2107 ol
50 2.03 || 35 2.032 208 22
996

75 2.00 || 60 1.996 { 1.9%8 L
2 198 || 18 1.972 197 231
10 194 |6 1041 1939 151
50 Loo || 18 1.905 1.909 299
154 3o
75 1.845 || 35 1.841 { Lo e
20 1718 || 9 1718 1.780 004
5 1722 1123 160
694 21
35 1.695 || 25 Lo [ 15 us
2 1.680 || 13 1.672 1675 104
5 1.649 1653 0
13 1.634 { 1.es7 n
2 1.612 Lgle 053
6 5
50 1.603 { 1.603 124
1. 504 311
i B
5 el R
9 1.537 1.536 153
1.500 302

13 1471

13 1446

See footnotes at end of table,
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TABLE 18.—X-ray powder data for shortite, Na;Cax(CQz)s, from
the John Hay, Jr., well 1, Sweetwater County, Wyo.—Continued

© A(IS’SI‘I}%Q) R Mrose (unpublished data) 3
ard 8-

Measured Calculated

(film 14139)

Measured

I diki I dricr drkt hkl

1. 429
1.397
1.352
1.328
1. 316
1. 306
1.281
1.269
1.246
1.236
1.207
1,196
1,182
1.162
1.145
1.137

oo

W W OWR R WD DRI DI 1 OB O O GO G Tk © & Ot
-
(=3
®
®

o
=
B
o
=

3B . 8767
.8646

o

1 Single-crystal data obtained from a crystal of shortite from the John Hay, Jr.
well 1, Sweetwater County, Wyo. (Mrose, unpublished data).

2 Powder diffraction data for shortite from the Green River formation, Sweetwater
County, Wyo., by G. Gottardi, Instituto di Mineralogia e Petrografia, Universita
di Pisa, Italy. Camera diameter, 57.3 mm. Copper radiation, nickel filter (A\=1.541
A). Cut-off at 8.0° (5.5 A), Intensities estimated visually.

3 Film corrected for shrinkage. Camera diameter, 114.59 mm. Copper radiation,
nickel filter A\=1.5418 A). Lower limit 26 measurable: 7.0° (12.6 A). B=broad.

TaBLE 19.— X-ray powder data for trona, Na;H(CO,),-2H,0, from
the John Hay, Jr., well 1, Sweetwater County, Wyo.

Monoclinie, I2/¢c—C%;, ¢=20.11+0.03 A, b=3.49:0.01, ¢=10.31=:0.01, 8=103°08"1]

ASTM Present study Pabst (1959)
(Card 2-0601)
Measured 2 Measured 3 Measured ¢ Calculated
(film 14141)
I drit 1 dart I dak ikt hit
80 9.42 || 50 9.804 || ms 9.88 9.79 200
5.02 002
35 4.920 || m 4.92 4.95 202
70 4,87 4.90 400
vs 4.12 4.11 202
40 4.00 6 3.990 w 4,00 3.99 402
60 3.43 5 3.442 w 3.43 3.44 110
3.30 011
6 3. 262 3.26 600
60 3.20 18 3.196 ms 3.21 3.20 211
3 06 10
85| 3075 | s aos [{ 308 e
100 3.06 3.06 211
60 2.95 2.89 2
2.83 i
60 2.78 vw 2.79 2.79 112
13 2.763 mw 2.76 2.76 312
100 2. 66 100 2. 650 Vs 2. 659 2.645 411
2. 606 510

See footnotes at end of table,
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TaBLE 19.—X-ray powder data for trona, NasH (CO,).-2H,;0, from
the John Hay, Jr., well 1, Sweetwater County, Wyo.—Con.

Present study 3 Pabst (1959) ¢

ASTM
(Card 2-0601) 2

Measured Measured Measured Calculated

(film 14141)

1 23X 1 dur I dant dnr hkl

9 2. 583 w
18 2.513

2. 587

mw 2. 510
vw 2. 485

2.578 204
2. 512 004
2. 508 312
2.491 602
2. 475 404
2,471 512

6 2. 480
0B 2.45 35 2. 446 ms 2. 447

w 2.426
6 2.419

70 2.25 35 2.258 m 2. 259

2,186 { 2.183 710

2. 149
2,119

40D 2.16

N > W
N
-
jon
=2

2.060

W
w
w
w
70 2.05
m 2.040
m
mw
mw

[~
2

2.032
1. 996
1. 965

g8

60D
40

—

ga

w 1. 886
Plus more than 30 additional lines

Ld i ol ol o
33 0
B

woe W
=

70

N
HE e

~ 100
BESSS%
[

1.682

N

[
&>
RNRNWHEHEND =N OIRWRWRIRDNWNWOOIIRNRNWORWWWWOTTWRNWNR AT W RO WO

70 165

—

1.59
1.55
1.51

20 1.46

583

40B 1.40
40 1.37

40 1.30

40B 1.25
40 121

40 117
50 1.13
40 L1

40D 1.06
50 1.03

S PP R R R e R R R e e e e e
_
%)
S

v
g
]
o

2 .
Plus additional
weak lines

1 X-ray crystallographic data from Brown, Peiser, and Turner-Jones (1949).

2 Powder diffraction data by British Museum of Natural History for trona from
Lake Magadi, Kenya Colony. Camera diameter not indicated. Copper radiation,
aluminum filter (A\==1.541 A). B=broad; D=diffuse. )

3 Film corrected for shrinkage. Camera diameter, 114.59 mm. Copper radiation,
nickel filter (\=1.5418 A). TLower limit 26 measurable: 7.0° (12.6 A).

¢ Powder diffraction data for trona from Searles Lake, California. Camera diam-
eter not indicated. Copper radiation, nickel filter.
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TaBLE 20.—X-ray powder data for nahcolite, NaH(COj3), from
the oil-shale mine of the Bureau of Mines, near Rifle, Colo.

[Monoclinie, P2;/n—C?u; 6=7.52524-0.04 A, b=9.724-0.04, ¢=3.532-0.03, 8=93°19'1]

Measured 2 Calculated Measured 2 Calculated
(film 14040) (film 11040)
I [ 79 [293] hki 1 dak dnkt hkl
6 5.92 5.94 110 |1 13 1.613
13 4.85 4. 86 020 {| 6 1. 580
5 4.07 4,08 120 |1 2 1. 559
2 3.74 3.76 200 {| 2 1.539
15 3.48 3.50 210 (| 13 1.522
3.32 011 [} 3 1.480
6 3.25 3.27 101 || 3 1. 465
3.13 101 (| 3 1.442
25 3.08 3.10 | 2 1.422
2.98 111 || 2 1.399
100 2.97 2.98 130 (| 2 1.372
2.97 220 || 3 1.354
13 2.69 2.71 121 || 2 1.343
90 2.60 2.63 121 (| 2 1.334
2. 56 211 || 4 1.298
2 2. 453 2. 453 230 || 2 1.284
2. 430 040 || 2 1.272
2.425 310 | 2 1.246
2 2. 418 2. 424 211 || 2 1. 236
5 2. 390 2.388 031 (| 2 1.221
2.328 221 || 2 1.211
2.312 140 |} 2 1.208
13 2. 305 2. 302 131 || 2 1.196
2 2. 254 2. 251 131 || 3 1.182
2.226 320 || 1 1.159
18 2.217 2.225 221 || 2 1.151
2 2.108 2.101 301 || 3 1.139
2.054 311 ] 2 1.127
2.052 231 || 2 1.113
18 2.032 2.040 240 | 2 1.098
1.984 2 1.088
13 1. 965 1 1.078
b 1,931 3 1. 069
15 1. 900 1 1.047
3 1.872 3 1. 042
2 1.823 2 1.032
2 1.778 3 1. 029
9 1.735 2 1.014
5 1. 687
6 1.658 Plus additional
3 1.637 weak lines

1 Single-crystal data from Laue and rotation methods by Zachariasen (1933); con-
verted to angstrom units from the original values given by Zachariasen.

2 Film corrected for shrinkage. Camera diameter, 114.59 mm. Copper radiation,
nickel filter (A=1.5418 A). Lower limit 20 measuraﬁle: 7.0° (12.6 A).

TABLE 21.—X-ray powder data for northupite, Na;MgCl(COys)s,
from the John Hay, Jr., well 1, Sweetwater County, Wyo.
[Isometric, Fd3m=07; a=14.08 Al]

Measured 2 Calculated Measured 2 Calculated
(film 14090) (6lm 14040)
I drkt dhit hkl I At dazy hk?
60 8132 | 8130 | 111 2 1.240
25 4983 | 490 | 022 1 1,929
1 4240 | 4214 | 113 2 1.205
9 4062 | 4083 | 22 1 1102
18 3520 | 3520 | 004 5 1.189
18 3.226 | 3.20 | 133 <i 1.171
18 274 | 281 | 2 g L %Zg
2,700 .
1 2706 | {5700 | 32 2 1.138
100 2,488 | 2489 | 044 2 1.129
13 2375 | 2380 | 135 <1 1112
2347 | ou 5 1.109
9 2,925 | 2.226 | 02 2 1,101
8 2146 | 2147 | 33 2 1,099
35 2122 | 2123 | 226 2 1.085
9 2,030 | 2033 | 444 3 Lon
Lo | 17 :
o |roo | {180 | 1x 2 1.069
oo sty | in < 1o
1. . %%
5 1.831 {1, 833 | 355 2 1. 05002
30 1758 | 1.760 | 008 2 1. 037a;
g ||
. 659 . oy
5 1.657 {1. 659 | 288 2 1. 01503
3 1.623 | 1.626 | 555 2 1. 007a
25 1614 | 1615 | 266 2 1. 006as
2 Ls72 | Ls7a | o048 <1 1,000
<1 1.546 <1 999802
3 1,535 5 08410,
5 1.498 2 . 98353

See footnotes at end of table,
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TABLE 21.—X-ray powder data for northupite, NasMgCl(COs3),,
from the John Hay, Jr., well 1, Sweetwater County, Wyo.—
Continued
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TABLE 22.—X-ray powder data for bradleyite, Na3Mg(PQ,) (CO;),
from the Westvaco mine, Sweetwater County, Wyo.—Continued

Measured ? Calculated Measured 2 Caleulated
(film 14090) (film 14040)
I din [ 9% hki I dicn dhrt hkl
2 1.473 1 . 97440y
13 1. 455 <1 . 974002
5 1.413 2 . 9650a1
3 1.379 1 . 96473
5 1.360 2 . 94990
5 1.353 2 . 9491y
5 1.312 3 . 93930
2 1.283 2 . 9387a;
1 1.269 Plus additional
9 1.243 weak lines.

L 1 Converted to angstrom units from original value 0f14.05 kX (Shiba and Watanabe,

2 an'inkage negligible. Camera diameter, 114.59 mm. Copper radiation, nickel
filter (\=1.5418 A).  Lower limit 20 measurable: 7.0° (12.6 A).

TABLE 22,—X-ray powder data for bradleyite, Naz;Mg(PO,)
(COy), from the Westvaco mine, Sweetwater County, Wyo.

[Monoclinic, P2,/m—C?%;; 0=8.85 A, b=6.63, ¢=5.16 (all 2-0.01 A), 8=90°25'-4-05" 1]

Fahey and Tunell (1941)2 Mrose (unpublished data)3
Measured Measured (film 12960) Caleulated
I drri I dari [17%%) hkl
3 8.939 50 8.85 8. 850 100
3 5.308 5. 306 110
18 4. 468 4,472 101
4,443 101
4. 425 200
4,072 011
3.707 111
5 3.680 25 3.694 3. 691 111
3.680 210
3 3. 368 3.371 201
3.347 201
10 3.319 71 3.312 3.315 020
3 3.105 3.104 120
3.005 211
2 2. 969 9 2. 986 2.988 211
4 2. 946 2. 950 300
2 2.789 2.789 021
2. 695 310
2. 663 121
10 2.658 100 2. 655 2.657 121
2.653 200
35 2. 576 2. 580 002
2. 569 301
8 2. 566 18 2. 556 2.553 301
53 2. 467 6 2.480 2.482 102
2.472 102
2 2.401 2.404 012
2. 395 3
14 2.388 13 2.383 2.382 311
2. 364 221
2. 355 221
3 2.321 2.324 112
14 2.313 9 2.812 2.316 112
2 2.233 2.238 202
2.222 202
3 2. 209 13 2.208 2.212 400
3 2.200 2.204 320
6 2,144 2,144 130
4 2.116 13 2.115 2.119 212
2.107 212
2.099 410
2.039 301
2.034 2.036 022
2.032 031
% 031 32%
1 . 028 40,
& 2.025 { 2.023 321
3 1.979
9 1.948
4 1.935 9 1.933
8 1.842 30 1. 839
1 1. 760 5 1.769
9 1. 708
9 1.673
6 1. 6568 25 1. 655
3 1.628
% 1.598 3 1.603
3 1. 562 6 1. 569
3 1. 556

See footnotes at end of table,

Fahey and Tunell (1941)2 Mrose (unpublished data)3
Measured Measured (film 12960) Calculated
I rut I drrt dhr hkl
3 1. 550
6 1. 501
4 1.494 4 1.489
2 1.470
4 1. 455
3 1.443 4 1.443
3 1.418
4 1.385 18 1. 389
2 1.331 4 1.329
2 1. 288 4 1.292
1 1.251 4 1.254
}23 1.224
1B 1.186 4 1.193
2 1.151
3 1.101 3 1.103
2 1.068 4 1.072
6 1.058
1 1.038
14 1.011
% . 987

I X-ray crystallographic data obtained by Mrose (Mrose, unpublished data) by
the Buerger precession method on crystals of bradleyite from the Green River forma-
tion, Westvaco mine, Sweetwater County, Wyo.

2 B=hroad. Camera diameter and wavelength not indicated. Copper radiation,
nicke! filter.

3 Film corrected for shrinkage. Camera diameter, 114.59 mm, Copper radiation,
nickel filter A\=1.5418 A). Lower limit 26 measurable: 7.0° (12.6 A).

TaABLE 23.—X-ray powder data for pirssonite, Na,Ca(COy),-
2H,0, from the John Hay, Jr., well 1, Sweetwater County,

yo.
[Orthorhombic, Fdd2— D%y, =V2,; a=11.32 A, b=20.06, ¢=6.00 ]

ASTM (Card 2-0157) 2 Present study 3
Measured Measured (film 14588) Calculated
I dhxi I 3%} dan hk?
100 5.14 71 5.133 5.126 111
5.015 040
60 4,928 4,929 220
40 4.17 18 4.157 4,154 131
6 3.752 3.754 240
90— 3.18 25 3.198 3.199 151
50 3.153 3.154 311
90— 2.88 50 2.885 2. 882 331
2.879 260
2.874 022
6 2. 829 2. 830 400
70 2.72 35 2.726 2.724 420
90— 2.66 90 2. 654 2. 651 202
90— 2. 57 80 2. 565 2. 563 222
2. 521 171
100 2.49 100 2. 506 2. 508 080
2.499 351
2. 465 440
10 2.35 13 2.348 2.343 242
25 2.204 2. 293

20 2.22 5 2. 234 2.233 062
3 2.160 2.160 460
90— 2.13 35 2.130 2.133 371
70 2.10 25 2.105 2.107 511
2.077 262
18 2. 0565 2.055 191
90 2.02 71 2,020 2.019 531
2.017 422
10 1.96 3 1.963 1. 960 113
1.904 442
60 1.89 18 1.893 1.891 2.10.0
1.889 133
6 1.876 1.877 480
1.873 551
9 1.853 1.8564 620
1.828 391
70 1.82 25 1.823 1.822 282
90 1.77 50 1.770 1.768 153
1.766 640
1.760 313
3 1.753 1.753 462
1.724 1.11.1

60 1.7 13 1.710 1.708 3

See footnotes at end of table,
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TaBLE 23.—X-ray powder data for pirssonite, Na,Ca(COs),-
2H,0, from the John Hay, Jr., well 1, Sweetwater County,
Wyo.—Continued

49

TaBLE 24 —X-ray powder data for gaylussite, Na,Ca(COy),-5H,0,
from the John Hay, Jr., well 1, Sweetwater County, Wyo.—
Continued

ASTM (Card 2-0157) 2

Present study 8

Measured Measured (film 14588) Calculated
1 333} 1 daxt drrr hkl
13 1.702 1.703 571
30 1.67 13 1. 663 1.672 0.12.0
6 1. 640 1.643 6
1.637 4.10.0
30 1.63 6 1.627 1.623 173
1.617 353
30 1.60 13 1.602 { 1608 212.9
1.597 602
1.591 482
1.584 3.1L.1
5 1. 579 1.577 622
20 1.56 9 1.555 1.557 711
1.535 592
60 1.52 18 1.521 1.522 641
1.521 731
30 1.50 9 Lsos {1508 o0
30 1.47 6 1. 465
60 1.44 18 1.439
20 1.41 6 1.413
40 1.38 9 1.388
20 1.36 5 1. 359
10 1.34 3 1.335
9 1.318
9 1.296
3 1.287
9 1.278
6 1. 258
5 1. 246
6 1.235
6 1.228
6 1.216
3 1.203
5 1.194
5 1.186
5 1.177
5 1.155
5 1.146
6 1.132
9 1.107
9 1.077
2 1.065
2 1.053
5 1.038
2 1. 030
2 1.021
9 1.010
5 1.001
5 . 9822
Plus additional weak
lines

1 X-ray crystallographic data obtained by Evans (1948) by the Buerger precession
method on crystal of pirssonite from Searles Lake, Calif,

2 Powder diffraction data by Imperial Chemical Industries of Northwich, England,
presumably on synthetic material. Camera diameter not indicated. Molybdenum
radiation (A=0.709 A).

3 Film corrected for expansion. Camera diameter, 114.59 mm. Copper radiation,
nickel filter (z\=1.5418 A). Lower limit 2 measurable: 7.0° (12.6 A).

TaBLE 24.—X-ray powder data for gaylussite, Na,Ca(COs),-
5H,0, from the John Hay, Jr., well 1, Sweetwater County,
Wyo.

[Monoclinie, I2/a—C8h; a=11.57=+0.01 A(,) b1]=7‘765:1:0.005, ¢=11.203-0.01, $=102°00"
+05"

ASTM (Card ASTM (Card Mrose (unpublished data)3
2-0122)2 2-0528)2
Measured Measured Measured Calculated
(film 14651)
I 793} I [[3%Y] I nrl %)) Bkl
100 6. 41 60 6.40 100 6. 403 6. 402 110
6.333 011
18 5. 662 5. 659 200
50 5. 57
13 5.471 5.476 002
25 4,495 4. 496 211
70 4.45 40 4.45 35 4. 428 4.429 112

ASTM (Card ASTM (Card Mrose (unpublished data)3
2-0122)2 2-0528)2
Measured Measured Measured Calculated
(film 14651)
1 drrt I drii I [2%%] Ahrt hkl
4,421 202
3.980 211
13| 3.943 3.939 112
50 3.90 3.882 020
3.582 202
30 3.56 9| 3.5 3. 555 721
9| 347 3.413 121
3.303 310
25 | 3.308 3.305 013
80 3.18 100 3.19 100 | 3.203 3.202 220
3.168 022
9 3159 3.161 312
3| 812 3.120 213
40 3.02
40 2,91 18 2,921 2.917 222
3| 2.83L 2,829 400
2.759 402
2.739 004
40 2.7 80| 2.726 2.723 321
2.708 41
80 2.70 35| 2602 2. 695 204
2. 682 123
2,670 312
5.6 2
. 2
80 2.61 80 2.63 go| 26 |{ 29 222
2.540 321
2,523 130
70 2.49 20 2,50 50 | 2515 2.519 031
2,506 123
2| 2478 2.475 411
40 2.40 10 2.40 13| 2420 2.418 114
2| 2386 2.3%3 13
2.356 2.357 314
2.348 323
50 2.32 10 2.32 18 2330 [{ 258 i
of 220 { 238 204
40 2.26 13| 2.250 2. 261 231
2.253 132
2.249 422
%‘ 238 g%
. 213 24
%0 2.19 20 2.20 8| 222 { 23 2
9| 2176 2.173 510
30 2.15 13| 2,137 2.134 330
40 2.12 25 2.12 2.120 315
3| 2113 2.111 033
11"
3| 200 |{ 2073 233
10 2,02 9| 2030 2.034 323
70 1.98 35 1.99 25 | 1.994
80 191 40 1.92 35|  1.920
18| 1.895
5| 1.873
20 1.85 15 1.85 9| 1.855
5| 1.841
15 1.83 18| 1.824
60 1.81 2| 1.812
30 1.78 9| 1.787
5| 1.752
13| 1.729
60 1.7 20 1.72 13| 1.720
5| 1.701
18| 1.677
60 1.67 20 1.67 18| 1.675
3| 1.652
3| 1.610
40D 1. 60 2| 1.590
2| 1.583
2| 1.562
9| 1.540
40 1.53 6| 1.512
40 1,50 61 1,491
3| 1.477
3| 1.447
3| 1.438
3| 1.417
3! 1.366
3| 1.358
3| 1.38
3| 1.332
6l 1.207

See footnotes at end of table,
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TaBLE 24.—X-ray powder data for gaylussite, Nay,Ca(COj),-
5H,0, from the John Hay, Jr., well 1, Sweetwater County,
Wyo.—Continued

SALINE MINERALS OF THE

ASTM (Card No.
2-0122)2

ASTM (Card No.

Mrose (unpublished data)?
2-0528)2

Measured
(film 14651)

Measured Measured Calculated

1 drit I [1%%] I drkt drr hkl

1.281
1.261
1.248
1.238
1,218
1,202
1,179
1.166
1,152
1.130
1.112
1.095

RN WRNRWRWW R W N WW

1 X-ray crystallographic data obtained by Mrose (unpublished data) by the Buer-
ger precession method on erystal of gaylussite from the Green River formation, West-
vaco mine, Sweetwater County, Wyo.

2 Powder diffraction data for laboratory prepared materials,
indicated. Molybdenum radiation (A=0.709 A).

3 Film shrinkage negligible, Camera diameter, 114.59 mm. Copper radiation,
nickel filter A\=1.5418 A). Lower limit 20 measurable: 7.0° (12.6 A).

Camera diameter not
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